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ABSTRACT

Work under Contract AF 33(616)-7241 has two objectives, (1) to develop a small
scale jet fuel thermal stability tester capable of operation at fuel temperatures
from 300 to 650 F with samples 1 quart or less in size and (2) to study the effects
of storage on thermal stability performance of JP-6 grade jet fuels and establish
causes (in terms of environmental factors and fuel vomposi+ion) for any adverse
results observed.,

The first year of work on thermal stability test meuhods produced three
potentially useful techniques, (1) a recirculating-flow dynamic method measuring
deposit insulating effets around a heated surface which requires 1000 ml fuel
samples, (2) a static method measuring deposit insulating effects arcund a heated
nickel wire which requires 150 ml fuel samples and (3) a static method based on
changes in fuel light transmission zharacteristics affer heating which requires
only 5 ml fuel samplea., The latter two of these methods will be investigated
further,

The results through one year on the JP-6 shtorage stability investigation showed
that three out of five tesit fuels did deteriorate significantly after 26 weeks at
110 F in terms of CFR Fuel Coker rating, while a fourth fuel showed evidence of
deteriopation in one container only which is attributed to solids contamination.
Vented versus soaleduundez-nltrogen storage had no influence on the changes:. The
only cnemical or pnysical changes in the test fuels after storage which matched
the thermal stability changes were the UV light transmission characteristics, The
two fuels least affected by storage were low in both sulfur and polycyelic aromatics
content, Several phenol type antioxidant additives appeared capable of stabilizing
a fuel of poor thermal stability performance when frssh and of maintaining this
stability throughout storage, whereas a single amine “ype additive tested had nega-
tive effects on storage stability,

Aromatic nucleus compounds added in small amounts te a stable paraffinic base
fuel caused appreciable degradation in thermal stability only when oxidized states
(hydroxyl or carbonyl) were present. The influence of oxygen avallablllty on this
problem was demonstrated by large increases in fusl peroxide content after thermal
stability testing and by improved thermal stability ratings when dissolved air was
removed as effectively as possible,
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The work described in the following report was carried out by Phillipe
Petroleun Company during the one year period extending from May 1, 1960 through
April 30, 1961, Two separate projects were initiated, (1) development of a small
saimple jet fuel thermal stability test and (2) study of deterioration of JP-6
jet fuel thermal stability performanee during storage.

The goals of the test method developaent project are to ascertain the fease
ibility of a relatively simple test for evaluating jet fuel thermal stability
quality which can be performed with fuel ssmples less than one quart in size and
which will segarate fuels in the proper order of quelity with respeect to both
subsgnic (300°F) and supersonic¢ (to 650°F) aircraft fuel systems. Work carried
out during the period covered by the present report included test methods based
on both static and reécirculating-flow enviromments for the heated fuel,

Objectives of the storage stability project are to examine the deterioration
in thermal stability quality of a group of JP-6 type jet fuels during controlied
storage at both 110 F hot room and ambient tempersture comditions and to relats
these changes to fuel composition, oxygen availability and the presence of anti-
oxidant fuel additives. Performance of the test fuels in this respect is based
on CFR Fuel Coker tests, gum content and color, while a wide variety of chemical
analyses are being made to 1solate the causes for the performance changes observed,
This information will ultimately be applied to the recommendation of methods for
handling, additive-treating or processing jet fuels to prevent thermal stability
performance deterioration during extended periods of storage prior to use,

Both projects are to be continued for a second one-year period under a
supplemental agreement to Caontract AF 33(616)=7241, so that the present report
covering the first year of work only has been termed "First Year Summary Technical
Report," Previogs reports issued under this contract include Progress Reports
No, 11} ana 2(2 , covering the first and second four-month working periods
respectively,:

Manuscript Released May, 1961 for Publication as an ASD Technical Report
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IX, SMALL SCATE JET FUEL THEWGAL STABTLTTY TEST METHODS

Jet fual thermal stabiliiy quallity 1s presently controlled in the varlous
ailitary spscifications by the CFR Fuel Uoker test, using varying temperature
conditions to match the differences in thermal severity represented by different
¢lasees of military aircraft. Among the well-retognized deficiencies of this
tvest for both research and quality contyol purposes are the ¥elatively large
sample size (6 gallons), lengthy test time (6-7 hours) snd high cost($70-$100)
for a single determination, Moreover,the significance of this test appears doubte
ful with respect to at least one appllication for JP-6 grade jet fuel, as tested
at temperatures between 400 and 450 F, while the apparatus itself is not readily
adaptable to temperatures above 450 F,

Therefore the present work has the objective of determining the feasibility
of a method for laboratory evaluation of jet fuel thermal stablility characterietics
which satisfies the following criteria:

(1) Requires less than one quart of test fuel,"
(2) ‘Capable of fuel temperatures from 300 to 650.F.

(3) Aligns fuels in proper order of quality for subsonic aireraft in which
fuel is heated to 300 or LOO F and for supersonic aircraft in which fuel
may be heated well above 450 F,

Base line thermal stability ratinge to guide the investigation of suitable
small sample test methods will consist of CFR Fuel Coker ratings at fuel tempera-
tures between 300 and 400 F, which will be considered to repreaent the requirements
of present subsonic-transonic military aircraft, For the requirements of Mach-
three-plus aircraft the guiding premises will be ratings by another Alr Force
contractor using both a High Temperature Research Fue]l Coker.and a special fuel
system simulator rig, The fuels are to be provided to Phillips by arrangement with

As to types of test apparatus, both static and flowing types of systeams have
been considered. The former offers the potential advantages of far greater
simplicity and adaptability to very small fuel samples while the latter approaches
more realistically the type of enviromment in whieh fuel thermal instability shows
itself in jet powerplants.

'A. Flowing Fuel Systems

Existing test procedures concerned with jet fuel thermal stabllity effects
"have concentrated on measurement of the flow restrieting effects and color of the
deposits produced. However,it is now understood that a primary undesirable aspeet °
of fuel instability products laid lown as deposits in the fuel side of engine lube
0il coolers is loss in heat transfer - which allows lube oil temperatures to rise
to undesirably high levels. Therefore it appeared that the possibility of a test




methad based on diregt measurement €f the $nsulating effects of deposits
Prodused by fuel 1nstability might be profitably followed up under the present
contract. This section of the repord descriBbes the assembly and testing of a
"bread-board® model dynamic or flowing system for the measurement of jet fuel

. thermal stability in terms of losses in heat transfepy cosfficient resulting from
depos=it laydown.

1. Preliminary Design Considerations.

Datermination of heat transfer coefficient requires preelse indication of the -

temperature differential across the fluld (and depoeit) boundary layer £ilm
adjacent to the surface from which heat is belng transferred, plus knowledge of
the rate of heat flux through this film, Therefore primary considerations in the
" assembly of a system measSuring deposit effects under conditions where foréed
convectlon is the controlling mode of heat transfer, are the methods for accurately
and repeatably measuring this film 4t and heat input rate, As to the latter, the
" obvious appioach is to employ electrical resistance heating, .which enables direct

measurement of heat Input in terms of wattege. One simple heat transfer siystelll
of inherently low heat capacity which has been employed by other investigators )
concerned with use of fuels as coolant is direct resistance heating of a stainless
steel tube around which fuel is flowing and within which thermocouples can be
placed for indication of internal surface temperature.

Because of the obvious difficulty, in practical systems, of evaluating the
true temperature differential aeross a fluid film adherent to a heat transfer )
surface, 1t is common practice in heat transfer work to express this differential
as the difference in temperature between the surface from which heat is being
transferred and the average temperature of the main body of the fluid being heated.
This premise has been adopted in the present work., Thus, with measurements of
tube wall surface temperature, average fuel stream temperature and heat flow rate

available, the heat transfer coefficient (or film conductence) in a forced conveec- -

tion system may be calculated from the equation:

h¢: = A TT-TF; ()

Where: h_ = film conductance (Btu/nr £i2 °F)
q = heat flow rate {Btu/hr.) ‘
A = heat transfer surface area ( ft.a)
Tp = tube outside surface temperature °r)

Tp = average fuel stream temperature °P

The foregolng considerations seemed to indicate that a miniature tube and
shell heat exchanger utilizing direct resistance electrical heating of the tube .
and temperature sensing by axially placed thermocouples in the tube offered the -
most desirable features for the present purposes,




Figure: 1 shows schematically the apparatus put together to invéstigate this
type of approach to evaluating jet fuel thermal instabilitp effects, The propor-
tions of the heat exchanger represent compromises between (1) adequate residenge
time t0 achieve fuel-out temperatures as high as 6SPF with a maxdmun elechrical
heating load of 1 KW, {2) minimum shell dlameter to maximize velocity (er
Reynolds ¥Wo,) and (33 adequate clearanece between shell and heating twbe to avold
electrical short circuiting. Recirculating flow was employed in order to colleet
sufficient deposit from one liter fue) samples to produce measurable &ffects on
heat transfer. This also allowed independent control of system pressure by ad-
mitting nitrogen into the vapor space in the fuel reservoir without requirimg any
high-pressure~drop devices such as orifices or valves which would be subjeect 40
erratic plugging by deposits, It is recognized that the use of recirculating
flow does involve some compremises with realism with respect to actual aircraft
engine fuel systems, '

Metering the rate of fuel flow was achieved by controlling the rpm of the
conistant displacement gear pump used to recirculate the fuel - thus the pump
itself was calibrated to serve as a volumetric flowmeter. Since fuel is usually
metered Volumetrically in ailfcraft fuel aystems it seemed appropriate to meter
the fuel volumetrically in the test apparatus as well. The intercooler shown
seemed to reduce the temperature of the fuel stream leaving the heating section
to a3 level which could be withstood by the seals in the gear pump.

Initially metal=-sheathed '"Ceramo" thermocouples were employed for indication
of metal temperatures in the essentially blacke-body equilibrium radiation environ-
ment provided by the interior of the heating tube, However,it soon became appar-
ant that the thermocouple sheaths were short eirculting portions of the applied
heating current through the Junctions, causing erroneous readings. Thus, fiber
glass fabric insulated. thermocouples wers substituted and were used for all of the
tests to be shown in the present report.

Summarized below are a number of the more important design features of the
apparatus depicted in Figure 1l:

Heat Exchanger - Tube and shell - 1/8" o.d, 30, stainless steel eleetrically
heated tube (.031" wall, 7" heated length) within 1/4" 1.4,
shell. Tube ends sealed and electrically insulated with
1/4" i.d, x 3/8% o.,d, rubberized asbestos ferrules.

Temperature Measurements -~ Tube wall temperatures - Axial probe from each
‘end, fiber glass insulated i,c. thermocouples.

Fuel temperatures - Radial and/or axial j.c.
thermocouple probes at points immediately
adjacent to the main heat exchange chamber,

(4]
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Heat Input Source and Conirol « Source - 10 velt, 'L KVA step-down transformer
(115 v. pri.)

Control -~ Autetransformer used to vary primary
voltages

Metering ~ Voltmeter and ammeter in transforme
er secondary circuit.

Fuel Flow Metering - Eastern Industries Model 1201 gear punp driven by induction
motor through variable speed cone drive.

The test procedure employed consisted of charging one liter of test fuel inte
the pre-cleaned apparatus, pressurizing it with nitrogen to 240 psig (dictated by
the pressure rating of the fuel resefvoir), adjusting rate of fuel flow to one
gallon per hour and setting the desired level of wattage input. Fuel and tube
tempetatures were then monitored at five minute intervals for a total test period
usually two hours in léngth. The temperature and wattage measurements were then
converted to heat transfer coefficient (h_ ) valuss using the equation shown on
page 3. Most of the testing carried out %ith this apparatus employed rather
severe heating flux conditions, corresponding to 571 Btu/in? of heating surface,
in erder to produce measurable fouling effects in reasonably short test durationms.

2. Test Results Using JP-Fuels

Table I presents a condensed summary of data obtained with various fuels
following one full hour of operation, which can be considered to represent fully
warmed up conditions, Figure 2 presents complete h, versus time curves for two
fuels selected for preliminary test work because of known wide differences in
thermal stability quality based on the CFR Fuel Coker test., The isoparaffinic
JP-5 boiling range alkylate fuel produces CFR Fuel Coker heater deposits rating
no heavier than "O" or "1" at 400 F-plus temperature compared with "A" or
heavier ratings for the aged West Coast (JP-5) kerosine. The heat transfer
coefficient data shown in Figure 3 align these two fuels in the same order of
quality as the CFR Fuel Coker preheater ratings, that is the severe heat exchanger
fouling caused by the West Coast kerosine fuel produces peak h, values falling
25 to 30 units below those for the clean isoparaffinic fuel, ﬁxploratory tests
of varying duration showed that appreciable deposits were laid down by the poorer
of these two fuels as early as ten minutes in the test cycle - well below the time
required for warmup of the apparatus itself, Thus, the peaks shown in the curves
of Figure 2 at about 50-60 minutes running time correspond to equilibrium temp-
erature conditions for an already-fouled heating tube - suggesting that a thermal
stability quality rating can be based on either peak "h,", or "h," level at some
fixed time period after the apparatus is fully warmed up (E> 50 minutes),

The next step was to follow up the preliminary indications that this
technique could tell the difference between fuels representing extremes in temp-
erature stability characteristics, using other test fuels varying in CFR Fuel
Coker rating only within the limits allowed by the JP-6 fuel specifications,
Figure 3 shows hg, versus time curves obtained with 6 different JP-6 type fuels
zvailable from the storage stability phase of this contract program., Again
a wide separation in fuel heat transfer performance in this apparatus was shown.

6




TABLE I
HEAT TRANSFER DATA OBTAINED WYTH THE SMALL SCALE DYNAMIC THERMAL STABILITY TESTER

Dimensions — 1/4* Dia. % 7" Heat Exchanger with 1/8" Dis, Heated Tube.
Pressure = 240 psi

Fuel Flow Rate « 1 GPH with 1 Liter Fuel Charge

Power Input - 390 Watte

Ambient Temperature ~ 81 F (¢ 6)

Note: Data Below Taken After One MourSs Operating Time

Fuel Tgnperaturg Tube Tgmperature,

Bn _ Fuel | In __& AR In AOmt Avg, Ft
23 Isopar .nic Alkylate Fraction 128 4285 277 580 658 619 201
(B829) ' ‘
24 Aged West Coast Keraosene 126 432 ‘279 630 708 669 177
(G593D). "
25  Wright Field F-60-3 12, 428 276 593 €86 640 189
(x27) ‘ _
26  West Texas Kerosine + 129 431 280 668 €37 753 Uué
Alkylate (K500) : : .
27 West Texas Kerosine + 117 411 264 601 736 669 . 170
Alkylate (X30)
28  Wright Field F-60-5 115 407 261 54,0 625 583 21,
(K26) :
29 Midcontinent Kerosine + 121 408 265 565 648 607 201
Alkylate (K28)
30 Gulf Coast Kerosine + 113 400 257 560 672 616 192
Alkylate (XK29)
31 wri%ht gield F-60-3 112 419 266 5§2 668 630 189
K27

Power Iﬁput - 285 Watts

36 IBP - 360 F Cut from 103 297 200 LLO 523 L82 181
W.T. Kero.+ Alk.

37 360-400 F Cut From 107 309 208 473 542 508 170
W.T. Kero.+ Alk.

38 LOO F -~ EP Cut From 105 296 201 527 708 618 122
W.T, Kero.+ Alk.
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With these, as with the JP-5 type fuels, the apparatus appeared to have detected
variations in°the rate of build-up of deposits and variations in the thermal re-
sistance of these deposits. In two cases, the K-27 and K-500 runs, the curves
dropped off significantly after reaching their peaks, indicating that demoesition
continued to oceur through the duration of these tests and that this de,. ition
was of a type which decreased heat transfer performance, For the balance of the
tests the deposxtlng rate appeared to be relatively slow early in the tests and,
in general, upon reaching a peak, either very little further deposition occurred
of, 1f any did oecur it was not of a type which affected heat transfer perform-
ance greatly., At any rate, these data confirmed that the test rig was able to
separate fuels on a heat transfer basis, Additionally, these data tell a great
deal more about the performance of a fuel than a simple terminal color rating.
For example, the deposits produced by fuel K27 were relatiyely light gray~brown
in color, yet the performance of this fuel throughout the last hour of the test
was considerably poorer than several of the othef fuels whose deposits were
considerably blacker.

In order to be assured that the variations in heat transfer coefficient
were the result of heat exchanger fouling and not simply those accompanying
variations in the physical properties of the fuels, it was decided to consider
the effect of these fuel variables on the Nusselt expression:

(Nusselt No.) ¢ (Reynolds No.)b' (Prandtl No.)d

In general, the empirically derived modifications of this equation are of
the form:

h D 0.4

where: c = Heat transfer coefficient

D = Characteristic dimension of the heat exchanger
V = Fluid velocity

k = Fluid thermal conductivity

X = Fluid density

¥ = Fluid kinematic viscosity

Cp = Fluid specific heat

By rearranging this proportlonality in terms of the effect of fuel properties
alone it becomes:

th’ kO.é Y—O.ACPO.A P 0.4

In the absence of actual measurements of C_ estimates of specific heat were
obtained for the six JP-6 fuels from the charts Bf Hougen and Watson (4) using
volumetric average boiling points and API gravities for the average fuel tempera-
ture attained during each test. ZEstimates of thermal condictivities were obtained
from the nomograph developed by Mapstone (5) based on API gravity, again at average
fuel temperatures. Kinematic viscosities were extrapolated to the average fuel
temperatures from a plot of the 100 F and 210 F viscosities versus temperature,
Density was established from the API gravity of each fuel and then corrected to
the test temperatures by using the curves in (6). Substitution of these estimates
of K, v, Cp and # into the above proportionality yiélded the following:
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Fuel No, go'éy‘o‘\Y"ch"‘ pO4

BJ60-10-K26 3.82
BJ60=10-K27 5,04
BJ60-10-K28 3.78
BJ60-10-K29 3.71
BJ6O-10-K30 3.73
BJ60~10-K500 3.76

Thus, the large variastions in heat transfer coefficients observed in the
tests cannot be attributed simply to variations in the physical properties of the
fuels, So it is believed that these results tend to confirm that the test rig
did successfully separate these fuels on the basis of loss of heat transfer pers
formmance as a result of heat exchanger fouling,

It was noted that the data of Figure 3 showed highest h, values for fuel
K26, which was the highest ranking of the group in CFR Fusl, Coker rating as well,
at 40D F-plus temperature conditions. Additionally, fuel K500 which produced the
lowest h_values fails the CFR Fuel Coker test at 40O F-plus temperature condi-
tions - thus the separation in order of quality for the two extremes in the group
was the same for both types of test. Thus an attempt at & numerical correlation
seemed indicated for the complete group of JP<6 fuels, since fairly current CFR
‘Fuel Coker ratings were available for these fuels, Figures 4 and 5 show the
relationship between heat transfer coeffic¢ients obtained after one hour test time
at 410420 F fueleout temperature in the smallescale recirculating flow thermal
stability tester versus CFR Fuel Coker filter merit ratings and accumulated pre~
heater deposit ratings at 40O F fuel-out temperature respectively. Considering
the differences in approach towards measuring thermal stability represented by
these data, the agreement was better than expected,

3. Evaluation of Fractions of a Borderline JP-6 Fuel

As a supplement to the studies of storage stability being carried on under
this econtract in which atiempts are being made to identify the constituents of
Jet fuels causing losses in thermal stability with storage, a West Texas kerosine-
. alkylate JP-6 blend of borderline thermal stability (in terms of JP~6 requirements)
was cut into three fractions boiling in the ranges: (1) IBP-360 F, (2) 360-400 F
and (3) 400 F plus. These fractions were tested in the ministure recirculating
flow jet fuel thermal stability test rig at a fuel outlet temperature of 300 F.
The spent fuel samples were retained and subjected to chromatographic analyses in
an attempt to establish what changes, if any, had occurred in these fractions as
a result of the two~-hour recirculating heating cycle. The results and interpreta-
tion of these analyses are discussed in detail elsewhere in this report, but the
point to be made here is that this effort utilizing the small scale apparatus
provided data for explanation of fuel degradation mechanisms using samples which
could not have been made available in suffieient volume for evaluation in the
CFR Fuel Coker, It has also demonstrated the-applicability of this test technique
to fuels varying considerably in volatility characteristics,

Data on the thermal stability performance of the three fractions described
above are shown in Table I and graphically in Figure 6. The test rig effected a
wide separation of these fuels in terms of heat exchanger fouling quality, the
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lowest boiling fraction rating highest in stability, the middle boiling fraction
somewhat less stable and the highest boiling fraction very much less stable,

Thus, these results indicated the most unstable fuel censtituents to be identified
with the 40O F plus fraction, providing a very useful guide for the subsequent
chemical analysis work. '

4.  Supplementary Design Considerations

The experimental data presented in the foregoing were largely obtained using
an air-cooled after cooler, ‘simply a length of coiled stainless steel fin tube.
It became apparent that this job could be done maore effectively {and more compactly)
with a water cooled tube-andeshell heat exchanger in which the fuel passage was a
single, straight-through, easily-cleaned passage, which is the installation picturéed
in Figure 1.

Another point investiﬁated was the possibility of reducing the rather high
heat flux levell(571 Btu/in¢) employed in.the tests at L10-20 F fuel-ocut tempera=
ture by adjusting heat exchanger dimensions, without of course reducing the rate
of deposit accumulation too greatly. It appeared that a somewhat larger heat
exchanger utilizing a heated tube of 3/16 inch diameter x 18 inch heated length
operating in a 1/4 inch i.d. shell (as compared to the original 1/8 inch dia. x 7
inch length tube) would offer a suitable compromise of severity and operational
ease. This design has been operated successfully at tube temperatures as high

as 900 F with no undue operational problems. However, it was necessary, with
increased heater tube length, to develop an insulator-sealing system which would
allow slippage through the seals as the tube expanded upon heating. After trying
a number of methods and materials it has been concluded that a satisfactory system
consists of an ordinary metal tubing ferrule and nut seal at the hot (downstream)
end of the exchanger and a pair of Viton O-rings at the cold (inlet) end. This
system was found to provide excellent sealing and electrical insulation along

with the desired tube slippage at elevated temperatures.

Some reduction in severity with this modified heat exchanger was achieved,
accompanied by a significant reduction in the amount of deposition on the tube
as compared to the deposition observed on the original 1/8 inch x 7 inch tube for
the same fuel heating level and operating time. Although the desired decrease
in severity was achieved by this design,it would, of course, be necessary to
stretch out the running time in order to arrive at an equivalent degree of foul-
ing and consequent loss of heat transfer performance at any given fuel-out
temperature.

It also appears that the system pressure (240 psig) employed for the data
obtained in the 1/8 inch x 7 inch heat exchanger may not have been high enough
to prevent some degree of nucleate boiling at the heating tube surface with the
JP-6 test fuels. The marked influence of changes in system pressure from 50 psig
to 350 psig on heater tube inside wall temperature is shown in Table II. The
effect was quite dramatic with tube temperatures decreasing with decreasing
system pressure, indicating the presence of nucleate boiling at the wall of the
heater tube. It should be noted that this effect was observed even in the face
of increasing heat inputs occurring apparently as the result of tube cooling
(and consequent decreasing electrical r esistance) by evaporation of the fuel at
its surface. It is probable that nucleate boiling occurred during at least
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TABLE 1I
EFFECT OF SYSTEM PRESSURE ON HEATER TUBE SURFACE TEMPERATURES IN THE
MINIATURE DYNAMIC THERMAL STABILITY TESTER

Heat Exchanger Dimensions: 1/8" o.d. x 7" Tube in 1/kL" i.d; Shell
Fuel: BJ60-10-K27: Voltage Drop Across Tube: Constant 3,7 volts;
Flew: 1 gph

Pressure Fuel In, Fael Out, Tube gmidway) Heat Input

. psig S I P Btu/hr.
350 84 385 762 1288
300 85 3e8 739 1295
250 ' 85 - 392 705 1313
200 - 86 393 €17 1326
150 85 398 632 1339
100 85 398 575 1358
50 85 391 472 1389
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part of the test runs previously discussed and would explain some of the rather
high ‘values of heat transfer coefficient obtained during those tests. Thus the
independent control of system pressure allowad by nitrogen gas pressurization

of a closed recirculating fuel loap permits the investigation of fuel high temp-
erature depositing charactaristics under both noneboiling and boiling conditionsg

The development of a test proccdure based oA deposit-insuleting effects in
a recirculating, flowing system was terminated at this point, having satisfactorily
demonstrated the feasibility of this type of approach using cne-liter fuel samples
and apparatus quite simple in design by comparison with existing thermal stability
test procedures. It is suggested that such an approach ¢ould be followed up with
profit as a part of other Air Force sponsored test methods research in the jet
fuel area,

B, Static Fuel Systenis

The remainder of the time on test methods development under this contraet is
to be spent on static types of procedures euphasizing simplicity and small fuel
sample requirements as primary criteria; the type of test which could be readily
employed by research chemists involved in the fuel synthesis phases of the overall
Air Force fuels research program, for preliminary screening of varicus high temp-
erature fuel candidates. In addition, the application of a test of this nature
to specification control purposes would offer obvious advantages over the present
relatively cumbersome CFR Fuel Coker procedure, if satisfactory corrélations could
be demonstrated with test results in larger scale, more realistic, apparatus.

1. Background

There are many possible approaches to measuring effects of heating on the
formation of insoluble resins or "gum" in hydrocarbon mixtures. When the problem
of jet fuel temperature instability was first recognized, attention was given to
the ability of conventional gravimetric existent and accelerated gum procedures
to predict the performance of fuels in this respect. These techniques were found
insufficiently sensitive to pick up the very small amounts of potential gum
formers producing high temperature filter plugging in early versions of the CFR
Fuel Coker apparatus and various like devices, It was noted that, while fuels
rating marginal in gum content often rated poorly in CFR Fuel Coker filter plugging,
the converse was not necessarily true ~- many fuels rating very low in gum content
also rated poorly in CFR Fuel Coker filter plugging performance (8)., Whereas the
present existent and potential gum test procedures produce an answer in terms of
mg of gum present in 100 ml of test fuel sample, severe plugging of the CFR Fuel
Coker filter can be caused by just a few mg of gummy material produced from
5 gallons of test fuel., Thus the failure of the gum test procedures to guard
against this type of problem is no doubt in part due to inadequate sensitivity.
However, other reasons may include the fact that physical characteristics of the
deposits, not recognized by an evaluation based merely on gross weight per unit
volume of fuel, such as particle size and adherent qualities, are important in
determining their relative harmfulness in aircraft fuel systems,

Southwest Research Institute has done considerable work under both Navy
and Air Force sponsorship on bomb-type static heating tests for jet fuel stability
(9)(10)(11), The references cited show a progression from (1) a small scale
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externally heated bomb in which insolubles were evaluated by filtration and weighing
to (2) a larger volume bomb (one liter) so-as to provide larger amounts of filtered
residue for more accurate weighing and finally to (3) an 4nternally heated bomb of
intermedtate volume {200 ml) in which the effects of the filtered residus were
evaluated indirectly in terms of filiration time inecrease rather than gravimetrie-
ally. The latter deviée became the CRC bomb test, evaluated to a limited extent

by the CRC-Fyels Thermal Stability Group Small Scale Apparatus Panel and by this
laboratory working under Navy sponsorship (7). This test does avoid the limitations
of dath«type heating where temperature conditions from 4£00-800 F are desired and
also attempis a measure proportional to adherent qualities instead of merely gross
weight of insolubles formed by heating. In addition, deposit laydown on the heater
tube itself can be rated visually as in the CFR Fuel Coker test, though tending

to be much lighter for a given fuel and temperature condition with the bomb heating
times usually employed.

It has been found (7) that this test is capable of separating fuels in thermal
stability quality if tests are made over a series of temperature conditions te
establish a "threshold" failure level, though it is difficult to interpret a test
result at any one teéemperature with this apparatus. Though this has some advantage
in providing a rating in terms of a definite limiting fuel temperature, it does
make the test somewhat more time-consuming than is desirable -— while the lightness
of the heater deposits presents some difficulty in meaningful evaluation,

Preliminary experiments under the present contract (1) attempted measurement
of the effects of deposits formed in the CRC Bomb (See Figure 7) on heat transfer
to fuels of known CFR Fuel Coker performance characteristics -- using a modified
heating tube containing internal thermocouples for indicating surface temperature.
- These were unsuccessful and the CRC Bomb assembly was abandoned as unsuitable for
this type of measurement. However, attracted by the meaningfulness of a fuel
thermal instability test based on deterioration in heat transfer through deposit-—
fouled surfacss, further efforts were made to evolve a static test procedure based
on this type of effect (as was done with the dynamic recirculating flow procedure
discussed earlier). This work is to be described in a separate section of this
report and represents one of the two types of approach to a static thermal stabil-
ity evaluation procedure selected to follow up under this contract.

Another, more indirect, type of effect which might be taken advantage of
in a small scale test of the nature desired is the change in fuel optical
characteristics before and after heating. Color changes are well recognized as
sensitive indicators of chemical or physical changes involving only minor amounts
of reactants, As applied to petroleum fuels, darkness in color has long bsen
used as a rough guide to the probable instability characteristics of undyed
products, particularly heating oils. However the quantitative significance of
standard color tests for petroleum products, such as the Saybolt chromometer
technique and the ASTM colorimeter method for darker products, are difficult to
assess with Trespect to deposit problems in fuel handling equipment. Investigators
at Cities Sérvice R & D have developed a technique (12) for indirectly measuring
the insoluble gum level of fuel oils by changes in optical density measurements
(using 0.5 micron wavelength monochromatic light) before and after filtration
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through a sintered glass 5-migron filter. By this means only a 20 ml sample need
be filtered, versue at least 350 m} 4f insolubles are to be determined with
comparable precision by direct weighing.

During work by this laboratory with the CRC Thermal Stability Bomb iest
it has been noted that the changes in fuel light transmissien charaeteristies
following heating (measured with a Fisher Electrophotometes using blue light) pro-
duted numbers separating several test fuels in appraximately the same order of
.quality as the other mor? d%cht types of measurement did. Investigatora at the
University of Cincinnati{l3) have employed the increase in ultraviolet light
absorbency at 0.350 micron wavelength as an index of fuel thermal instability
following heating, in a program attempting to pin down causes for thermal in-
stability in JP<3 and JP-4 type jJet fuels, ,

Research of the oxidation and formatien bf igsolubles in diesel fuels
has been carried out by Caterpillar Tractor Company 14) using a very similap
technique., Here complete optical density versus wavelength curves were plotied
over the range from 0.35 to 0.65 microns wavelength (using a Coleman spectro-
photometer) for fuels after heating to temperatures up to 365 F, Marked increases
in fuel optical density, partiecularly noticeable at 0.34-0.40 microns wavelength,
followéd heating in the presence of oxygen.

A somewhat different but related technique has been applied by Nava%
Research Labo aggry to the study of stability problems with both diesel fuels 15)
and jet fuels\16), Here, the light scattering characteristics of fuels at various
stages of thermally-induced degradation are employed as an index to the quantity
of particulate matter present, using a 0.436 or 0.546 micron wavelength light beam
and measuring the intensity of light scattered at a 45° {forward) angle from the
incident beam., As applied to jet fuels the procedure employed by NRL consists of
prefiltering the fuel through a 0.45 micron Millipore filter paper to remove any
particulate material initially present, heating in a CRC Thermal Stability Bomb,
followed by measurement of scattered light intensity. The earlier NRL studies on
diesel fuels were followed up by this laboratory working under Navy contract with
regard t? tSe application of the light scattering technique to jet fuel stability
problems 17), Tt was concluded that the excellent sensitivity of this type of
measurement to the appearance of small solid particles in fuels warranted further
efforts to apply it to jet fuel stability problems.

A type of measurement sensitive to particles representing potential
deposit-formers at an even earlier stage of growth is repr?se??ed by electron
microscopy. Southwest Research Institute has investigated 11)(18) this means of
indicating incipient thermal instability and have shown a degree of correlation
between temperature limits based on differences in particle appearance in fuels
heated through a range of temperature conditiéns in very-small-volume (3 ml
approx.) "bombs" and ratings in the HighcTemperature Research Fuel Coker. Electron
microscopy has also been agslied to the measurement of stability quality in diesel
fuels for railroad usage(1 , where the ability to actually "see" small particulate
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solids allows evaluwstion of the effects of detergent-dispersant additives on lew
grade fuels eontaining relatively gross amounts of gun or sludfe-forming
constituents,

Thus the applleation of optical techniques 4o measurement of instability
in petroleum fuels has received considerable attention in the past «- and it was
decided that this type of measurement, offering as it does excellent sensitivity
to effects produced by very small amounts of reacting material, represented a
second approach to pursue under the present assigiment. Since methods such as
these merely refle¢t something which exists in the complete fuel, it must be
recoghized that meaningfulness with regard to actmal engine depesition problems
must be established empirically. Experimental work carried out to: date by this
labofatory on the application of optical measurements to a small volume jet fuel
thermal stability test will be discussed separately.

2. Deposit Insulating Effects

Following the attempts mentioned earlier to employ the CRC Thermal
Stability Bomb for measuring deposit insulating effects, it was decided to-devise
a static bomb of somewhat different design which would adapt itself somewhat
better to this type of measurement. The first of these is shown in Figure 8 and
is in principle comparable to the heated section employed in the recirculating
flow tester -previously discussed (Figure 1). A 1/8 inch stainless steel tube was
employed both as deposit surface and heat sourete by direct resistance heating with
low voltage-high amperage AC current. Rubber-asbestos gaskets provided both sealing
and electrical insulation for the heated tube at each end. The heated portion of
the apparatus was maintained liquid full and the offset section provided added
reservoir capacity for expansion purposes, Temperature of the tube itself was indi-
cated by two i,c.thermocouples inserted coaxially from either end, while the liquid
temperature was indicated by thermocouples introduced through the sides of the bomb
at corresponding axial locations. Using a 50 ml fuel sample volume, with 1/2 inch
pipe as the outer shell, it was found that heating tube surface temperatures as
high as 900 F failed to produce sufficient deposit laydown to cause any change in
the fuel temperature-~surface temperature relationship. It was concluded that the
ratio of the heating tube surface area to the available mass of deposit from this
small a fuel sample was too high to permit build up of deposits in depth such as
to measurably influence heat transfer. Therefore a larger version of this apparatus
was assembled allowing an 800 ml fuel charge, retaining all the mechanical features
indicated in Figure 8, using 2-inch pipe as the outer shell. Using this unit it
was possible to lay down deposits rating No. 4 or worse completely covering the
surface of the 1/8 inch heater tube following a three-hour heating cycle with a low
thermal stability quality kerosine. This still produced no significéant effects
measurable in terms of temperature, and,in addition,800 ml is considered an un-
desirably large amount of fuel to heat batchwise in a small sample test procedure.
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Therefore, the next attempt towards a static teat based on deposit in-
sulating effects moved in the other direction, that is a reduetion in the area of
the heating surfaee to (1) permit given small masses of deposit to build wp in
greater depth and (2) minimize conduetion paths for external heat losses masking
deposit effects, Keeping in mind the desire for simplieity of apparatus it was
decided that a technigue utilizing a short section of small diameter heated wire
immersed in fuel would offer a large increase in responsiveness (or sensitivity)
while remaining quite simple. By selecting material with a suitable temperature
coefficient of resistafice this wire could be used nat only as the heating element
Measurement of voltage drop across the wire and current flow through the wire
would establish both heat input and resistancé., Changes in wire resistance could
be converted to changes in wWife temperature. It was expected that deposit laydeown
would cause an increase in wire temperature and possibly 4 decrease in fuel tem-
perature, as a result of- the insulating effect of the deposits, assuming operation
at constant heat input.

* Figure 9 shows a "breadboard" apparatus assembled to evaluate this
approach, using an open fuel reservoir (400 ml glass beaker), The "hot section®
consists of a 2'1/8 inch length of 0,005 inch diameter nickel wire having a
resistance of O.4 ohms at 70 F. This wire is supplied with current from a 115 V =«
12 V step-down transformer. Voltage drop is meaesured across the wire and an
ammeter is placed in series in the secondary circuit of the transformer. Secondary
voltage is adjusted by means of a Variac placed in the primary circuit of the
transformer, Fuel témperature is measured by an iron-constantan thermocouple
placed at the center and 1/4 inch above the heated wire.: Ideally the operation of
this apparatus would consist of setting a constant heat input (wattage) and ob-
serving changes in wire and fuel temperatures with time. Since a suitable watt-
meter was not available at the time this work was begun and since it is difficult
to predict the necessary combination of voltage and amperage to maintain a fixed
wdttage by manual ad justment of the variac, it was decided to operate at a constant
voltage drop across the wire and simply accept the loss in wattage as the resistance
of the wire increased with increasing temperature. It was thought that the effects
of deposit-fouling would be detected even in the face of slightly decreased heat
input with a system as responsive as this —-- which was subsequently confirmed.

Since these preliminary tests used an open fuel reservoir, it was
necessary to employ a fuel of sufficiently low volatility to prevent excessive
boiling at the wire, loss of vapors etc. The fuel selected was an Air Force HTF
fuel previously supplied to Phillips for use under Contract AF 33(616)-5543,
identified as HTF-16 and described as a paraffinic light lube oil. This fuel is
basically high in thermal stability. In order to provide variations in thermal
stability two blends were prepared using HTF-16 as base fuel with 1 per cent and
2 per cent (wt.) ASTM alpha methyl naphthalene added as a contaminant. The base
fuel was expected to be degraded in thermal stability by addition of the AMN,
since this has been found to be the case in CFR Fuel Coker tests with similar
blends,
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Table II] summarizes gelected experimental data obtained with these fuel
blends, and with an aged West Coast kerosine fuél as well. Figure 10 shows wire
temperature and fuel temperature plotted as functions of time for the HTF<16 fuel
with and without the AMN comtaminant., It is shown that wire temperatures for both
of thé blends eontaining AMN began to rise sharply after zbout 100 minutes of
operation while the base fuel itself leveled off in wire temperature at about
this point. Thus it does appear that deposit insulating effects were sensed by
this technique -- the rise in temperatufe occurring in the proper order of known
thermal stability quality based on amount of alphamethylnaphthalene present. A
rating could be based either on wire temperature level at some given time period
beyond 120 minutes or on an "induction period" prineciple.

Fuel tempefratures appeared slightly lower for the two poorer fuels at the
end of ‘the heating period, though this change was probably too siight to be
applied towards a fuel rating.

As a fdllow-up to the tests described above a fourth test was conducted
on a more realistic (and more volatile) fuel, a low thermal stability quality West
Coast kerosine. The results of this test are shown in Figure 11. Again the sharp
rise in wire temperature with the incidence of deposition was observed. Oper-
ationally this test was marginal, however, because of excessive boiling at the
wire surface and attempts to run a similar test on a known stable fuel of comparable
volatility were unsuccessful because of persistent wire burn out. Obviously, the
use of such a technique for rating practical aviation turbine fuels would require
that the fuel be put under sufficient pressure to retard excessive boiling at test
temperatures, It is believed, however, that these tests have served to demonstrate
the feasibility of such an approach to rating fuel thermal stability quality and it
would appear, that further efforts in this a.ea would be desirable. A revised
version of this apparatus has been assembled incorporating an enclosed fuel reser-
voir to permit operation under pressures Sufficient to prevent local beiling at
the wire with JP-grade fuels.

3. Heat-Induced Optical Changes in Fuels

As previously pointed out, the application of optical techniques to
measurement of instability in petroleum fuels has received considerable attention
in the past (references 12, 13, 14, 15, 16 and 17) and it appeared that some
attention should be given to such techniques in the present assignment. This
seemed particularly desirable in view of the adaptability of such techniques to
very small sample sizes although some sacrifice of realism would be regquired in
the sense of not actually concentrating the insolubles or potential gum~forming
materials. Of course, because of this it is obvious that the significance of such
techniques with respect to engine performance would have to be established
empirically.
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During the past quarter undee CcntLact AP 33(616)-7241 efforts were: indugurated
to pursue the optical approach. Teor this purpose the miniature bomb shown in Figure
12 was designed and fabricated., This cylindrical bomb is cansiructed entirely of
304 stairiless steel with threaded closures at each end suitably cut with tomgues
and grooves to allow the use of deformable aluminum washers for sealing., A ecoaxial
tubing duct has been provided as a combined pressure tap and fuel thermocouple entry,
Sizing is sueh as to allow the use of a 5 ml fuel sample with 10 ml outage in the
main chamber., In use this bomb assembly is lowered into a preheated vertically
mounted electrical tube furnace and the furance tube is then sealed at both ends
with asbestos plugs.. In this way the bomb is heated primarily by the radiatien
mode, Suitable instrumentation is provided for measurement of fuel and furnace
temperatufes and bomb pressure. By pre<calibrating the furnace temperature versus
fuel temperature it has been found possible to repeatably predict the furnacé temp-
eratufe hecessary t6 arrive at the desired fuel temperature in any given time,

The heating procedure then simply amounts to preheating the furhace to the tempera-
ture indicated as necessary by the ealibration curve and lowering the fuel charged
bomb into the furnace leaving it there for a period of twenty minutes, after which
time the fuel will have reached the desired temperature. The bomb is then raised
out of the furnace, c¢ooled in an air stream and the sample is removed for rating.

Preparation of the bomb prior to the heating cycle includes thorough brushing
with hot water-detergent solution followed by rinsing in hot water. The bomb is
then rinsed in acetone to remove the water, brushed, rinsed with acetone and air
dried., The test fuel is prefiltered using 0.45 micron Millipore filter paper and
aerated, Following aeration, exactly five milliliters of the fuel are placed in
the bomb and the bomb is then sealed, pressurized to 50 psig with nitrogen and the
assembly is placed in position ready for the heating cycle. Nitrogen pressurization
has been found necessary to prevent excessive vaporigzation at higher temperatures.
In the work carried on thus far the heating period has been arbitrarily held constant
at 20 minutes, At the end of the 20 minute period the bamb assembly is removed from
the furance cooled in an air stream and the sample is removed for rating, Rating
is carried out first on the raw heated sample as poured from the bomb and then
re-rated after filtering through 0.45 micron Millipore paper. Thus,some expression
of the extent of formation of filt erable material as a result of heating the fuel
is available by comparison of the ratings before and after filtration.

Concerning the type of measurement to be made on the complete fuel after heat-
ing as an index of thermal instability, the objectives of the present assignment
make it desirable to minimize the need for very specialized types of instrumenta-
tion. From this standpoint the use of electron microscopy or light scattering
appeared less desirable for application to a semi-standardized test for use in
more than one laboratory than the somewhat more indirect types of measurement
represented by light transmission or optical density. Therefore, in the present
program a Bausch and Lomb "Spectronic 20" spectrophotometer was employed to obtain
measurements of the light transmittance of the heated samples from the 5 ml bomb
at wavelengths varying from 340 to 650 millimicrons. This permitted the establish-
ment of the optimum wavelength for best sensitivity to the heat-induced changes in
the fuels by plotting transmittance versus wavelength curves, DBased on the work
of Professor Orchin at the University of Cincinnati (13) this was expected to occur
near a wavelength of 350 millimicrons and results to be subsequently discussed
will be seen to have confirmed this expectation,
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The test fuels selected for the preliminary investigations using the 5 ml
bomb technique include five of the JP-6 fuels included in the s torage program,
K264, K27A, X28A, K29A and K30A, Because of the timing of the start of this work
it was necessary to use these six months sealed storage (110 P) samples, for which
reasonably current CFR Fuel Coker ratings were available for comparison., Included
also were & very stable isoparaffinic alkylate of JP-5 koiling range, BJé1l-8-Bl,
and a minimum quality {from the thermal stability standpoint) JP=6 fuel supplied
to Phillips by General Electric Company, BJ61-10-K1, This fuel is one which
General Electric has found to be merginal with respect to its effect on heat exw
changer performance in tests conducted in FTull-séale heat exchangers in their
laboratories,

Discussion of Test Results

The data obtained thus far with the 5 cc bomb are shown in Figure 13 through
26 as plots of per cent light transmittance (using ASTM Grade isooctane as standard)
Versus wavelength for both the unfiltered and filtéred samples after heating to
temperatures ranging from 300 F to 550 F and in some cases as high as 650 F. The
principal points brought out by these figures are (1) the generally consistent trend
toward reduced transmittance with increasing fuel temperature, thus indicating the
desired sensitivity to heating, and (2) the indication that optimum sensitivity
Seems to occur at approximately 350 millimicrons as suggested by the work of )
Orchin (13). Additionally, it is important to note that the expected decrease in
transmittance would hold true only below 375 millimicrons in the case of K28A,
definitely established by CFR Fuel Coker tests as the most unstable fuel in this
group., Thus, it appears that the optimum wavelength in terms of both temperature
sensitivity and knewn performance is 350 millimicrons and for this reason subse-~
quent analyses of these data have been based on transmittance at this wavelength,

Considering next the factor of formation of filterable material in the heated
fuels, the reader is referred to Figure 27 wherein the difference in transmittance
before and after filtration has been plotted against fuel temperature, After only
a cursory inspection of this plot it becomes apparent that the formation of filter-
able materials was largely random in these tests, as indicated by light trans-
mittance, and regardless of whether this randomness is due to actual random formation
of these mateddadsior a manifestation of the vagaries of making the measurement in
this way, it would appear that the filtration step in the test procedure would
yield only negligibly useful results. However, it is interesting to note from Figure
27, that, in general, the maximum amount of filterable material seemed to be
formed in most of the fuels at a temperature of about 400 F, At lower temperatures
it would appear that less filterable material was formed and at temperatures above
LOO F either less was formed or the temperature and nature of the material formed
were such as to allow the material to redissolve. This peaking of filterable
material is not unknown but has been observed previously during work conducted with
the CRC Thermal Stability Bomb (7) (16). At any rate it would seem desirable in
the interest of brevity, to eliminate the post-filtration step in future testing
and to consider this test, and tests of similar nature, as simply capable only of
heralding the formation of deposit precursors.

In order to better consider the relative performance of the several fuels
tested by the 5 cc bomb optical technique it was considered desirable to plot their
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light transmission (at 350 millimicrons) after heating versus the temperaturs to
which they were heated. Tt should be pointed out, hawever, that this san be done
in two ways; (1) using the light treansmittancc as referred to same constant standard
such as isooctane (used in these tests) or (2) using the transmittance ae referred
to the original or unheated transmittance of each fuel (1.e., transmittance as

per cent of original transmittance), Using the former method, as shown in Figure 28,
the fuel well established as the superior performer in the CFR Fuel Coker, BJ60-10-
K26A (Wright Field ¥60-5), was also found to be superiof by the 5 c¢ bombetrans-
mittance technique when plotted in this way., Similarly, fuel BJ60-10-K28A (Wright
Field P60-3) which was the poorest performer in the Coker was also poorest by the
light transmittanée method. Fuels BJ60~10«K27A, K29A and K30A were observed to

be of intermediate performance, as in the Fuel Coker, and of roughly comparable
performance Felative to each other, Although the Coker did manage to ehow some
separation 6f performance of K274, K29A and K30A the degrée was not great and the
fact that there is not complete agreement in the order of these three fuels

when tested in the 5 cc bomb does not seem to detract greatly from these results,
It was considered of interest to include in these tests a JP=-b fuel obtained from
General Electric Company which has been found to be of marginal performahce with
respect to full~scale heat exchanger fouling tests (based on actual measurements

of loss of coefficient of convective heat tranmsfer, not visual rating methods)
conducted in the General Electric Laboratories, The performance level of thie

fuel by the 5 cc bomb-light transmittance technique, shown also in Figure 28, seems
completely reasonable in light of the known performance of the fuel, Included also
on this plot are data obtained on a JP-5 type isoparaffinic alkylate fitel'ef well -known
high stability. This fuel was also used to check out the warm-up characteristics
of the system, Although the alkylate started out (300 F) with a rather low
transmittance as compared to the stable JP-6 fuels, it changed relatively.i: -
little with increasing temperature, as would be expected for a fuel of good
stability. The rather low initial transmittance observed for this fuel is perhaps
reasonable for the JP-5 volatility class fuels, Thus, on the basis of these raw
transmittance plots the 5 cc bomb-light transmittance method looks rather promising
in that it is sensitive to temperature changes and also shows some capability for
broadly separating fuels in an order comparable to that obtained by CFR Fuel Coker
tests,

A seemingly more logical way of considering these data is the second method
cited above where the transmittance of the heated samples of each fuel is referred

" to the original or unheated transmittance of that fuel. This has been done in

Figure 29, a plot of transmittance as a percentage of the original versus fuel
temperature, In other words, this plot emphasizes changes induced by heating by
normalizing them about the original fuel transmittance. This has the effect of
disregarding original transmittance level (which may or may not be desirable),
Considering Figure 29 it is immediately obvious that this method of plotting the
data has altered the position of the K28A curve (poorest fuel in the CFR Coker)
relative to K27A, K294 and K30A making it appear to be better at temperatures
above 450 F than these fuels, The best fuel in the Coker, K264, is again best
in the 5 cc bomb, when plotted this way and the alkylate fuel only slightly less
stable than K26A, which seems to fit prior knowledge of the-performance of this
fuel somewhat better., On this basis, too, K27A and K30A performed very much the
same above 400 F while K29A tended to appear slightly more stable between 4LOO F

and 500 F, Above 500 F, however, K27A, K29A, K304 and K1 were much the same,
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Actually, then, plotting of the light transmittance data in terms of percentage of
original transmittance tended to yield eurves showihg sharp temperature responses
but which separated the fuels only into groups of very stable fuels and marginally
stable fuels, In general, the agreement with Fuel Coker data 1s poorer when the
data 1s plotted in this way, 2lthough this &8 not necessarily a gooed eriterion for
declding whethér the technique is good or bad,

With these light transmittance data avajlable jt was, of course, of interest
to consider their possible correlation, or lack of it, with CFR Fuel Coker data,
Inspection of the curves shown in Figures 28 and 29 indicated that maximum separa-
tion of fuels occurred in the range 40O F to 500 F in the 5 ml bomb test, so the
data obtained at LS50 F fuel temperature was selected as offering the best possibile~
ity for correlation with Coker data, Again, as in Figures 28 and 29, the transmite
tance data was considered both in terms of isooctane as the standard (ng = 100)
and in terms of the unheated test fuel as the standard {unheated fuel = 100). Plots
of these data versus CFR Fuel Coker filter merit rating obtained at 425/525 F are
shewn in Figure 30, from which it will be seen that a more than coincidental rela-
tionship appears to exist and this trend is most definite when the data are -
considered on the basis of the unheated test fuel as the standard.

While the correlation of light ‘transmittance with filter merit rating seems
promising, the same is not true for correlation with Coker preheater tube color
ratings, as may be seen from Figure 31, It is obvious upon inspection of this plot
that no correlation whatsoever exists, Little more can be said except that this
may possibly be a result of either the insensitivitiy of the Coker preheater rating
method or the possibility that the optiecal technique predicts only precursors of
non-adhesive particulate matter formation while ignoring precursors of adhesive
deposits of the type causing preheater fouling,

Summarizing the information gathered thus far with regard to the 5 ml bomb-
1light transmittance technique it appears that:

1. A definite sensitivity with respect to fuel temperature has been demon-
strated.

2. The method is able to separate fuels into categories of good, intermediate
and bad, At this stage of development the method does not appear able to
make finer distinctions,

3. Correlation of light transmittance data with CFR Fuel Coker filter merit
rating is promising, but no correlation was found to exist with Coker
preheater color ratings. '

L. The technique is rapid, thrifty of sample size and requires only simple

equipment, These factors coupled with indications of promising data
make further study and refinement seem desirable,
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III. STORAGE STABILITY OF JP-6 TYPE JET FUELS

At the begiming of this projeet JP-6 grade jet fuels were required by speci-
fication to pass the CFR Fuel Coker thermal stability test at 4L0O-500 F temperature
conditions., It had been observed at Wright Field that certain products meeting the
JP-6 specification in this respect when fresh, deteriorated when stored for periods
of several months in vented tanks befors being used. Objectives of the present
research are to reproduce these thermal stability quality changes under controlled
storage conditions and to relate them by chemical analysis to specific types of
fuel compenents or contaminants.

Considerable past work on Jet fuel storage stability has been carried out under
military sponsorship. However much of this work has dealt with storage instability
in terms of increases in gum content instead of high temperatureé stability perform-
ance in the CFR Coker apparatus., The types of Jet fuels studied have been limited
to JP=3, 4 and 5's, which are required to pass the CFR Coker test only at 300-400 F
temperature conditions =« a much less stringent requirement than must be met by
JP-6., Therefore, storage instability manifested in JP-~6 products by poorer CFR
Fuel Coker performance at 4L00-500 F temperature conditions may involve different
types of reacting materials than those responsible for thermal instability effects
at the mildef conditions involved in the other specifications,

It was therefore planned to examine the changes under controlled storage condi-
tions of a series of JP-6 grade jet fuels selected to provide variations in
composition and fresh condition thermal stability ratings, with the following
specific objectivess

1. To establish the magnitude of change in CFR Coker performance ratings
and related properties following storage at 110 F hot room conditions
for six months time or more and at ambient temperatures for one year.

2. To evaluate the role of oxygen availability-in such thermal stability
losses by means of storage in both sealed and vented containers, and with
selected antioxidant fuel additives.,-

3. To correlate the changes in stability performance after storage with fuel
composition changes determined by various.chemical analyses, to make
possible recommending preventative measures.

L, To provide data from which an accelerated method can be developed for pre-
dicting fuel deterioration in terms of thermal stability quality in
storage.

The present report discusses results through only the six months 110 F hot room
phase of the program,

A, TestrProgram

A series of five JP-6 fuel blends were selected to provide variations in
geographical source and in thermal stability quality at the start of the controlled
storage period. Two of the fuels were furnished by WADD and the remaining three
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were blended for this project by Phillips., These fuels were stored in 15 gallon,
uncoated, steel dyums at a constant temperaturs of 2J0 F in the hot room, With
eaeh fuel four separate drum samples were stored, two of which were scaled under

2 dry, nitrogen atmosphere while the remaining {wo were vented, water saturated

and aerated at monthly intervals throughout the storage period, Comparisons between
the two groups. of samples.were:ekpectedito indicate the influence of gross oxygen
availability on deterioration in GFR Fuel Coker raiings. To explore the possibility
of neutrallizing oxygen effects, samples of one of the poorer test fuels were stored
in the presence of five different antioxidantetype fuel additives -= in vented drums
only, t6 allow unlimited access to oxygen,

As to duration; six months was the basic storage peried for the hot room
samples —- with the option that if CFR Cokef results with the first 15<gallon drum
of each fuel removed from the hot room at this time show no evidence of deteriorate
ing quality, the second drum was to be left in for another three months time,

In addition, small samples were removed from the vented drums for selected chemical
analyses at two and four months time,

The results of comtrolled constant .temperature hot room storage are to be
supplemented by ambient. temperature storage for one year's time, using 55-gallon
drums as vented containers and 15-gallon drums as sealed containers, Here normal
breathing due to day-to-day temperature variations is relied upoh to maintain oxygen
saturation of the vented samples, though they were artificially water saturated
and aerated when placed in storage.

The drums used as storage containers were purchased new at the start of the
program and carefully rinsed to assure constant internal surface conditions. The
possibility of corrosion of the drums during storage was followed by comparing
Millipore particulate contamination tests on the fresh and stored fuel samples,
supplemented by analyses for soluble iron and copper.

Four CFR Fuel Coker tests were run on each fuel when fresh, to establish
the base line thermal stability quality level as accurately as possible. Duplicate
tests were made at the (then) specification temperature level of 400-500 F, while
the other two tests were made at 425-525 F and 450-550 F temperature conditions
respectively to establish actual threshold failure levels, Following six months
storage at 110 F, duplicate tests were run on each fuel at tempe rature conditions
just below the fresh condition threshold failure level using one of the two 15-
gallon storage samples, If these tests were not greatly different in rating from
the fresh condition rating at the same temperature, the second 15-gallon sample
was left in storage for an additional three months time. If the first two tests
showed appreciably poorer ratings however, the second 15-gallon sample was removed
from storage and two additional tests were run at temperatures chosen to define
a new threshold failure level following storage -- providing three point tempera-
ture-versus-CFR Coker rating curves for comparison against the fresh condition
curves so as to put the final judgement as to whether the fuels had deteriorated
in thermal stability during storage on as firm a basis as possible. All CFR
Fuel Coker tests were run under completely standard conditions, (D 1660-59T),
except that a filter by-passing system was employed whenever a AP of 25 inches
Hg was reached, so as to place all preheater ratings on a five hour basis, A
single operator and test apparatus were employed for every CFR Fuel Coker test
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carried out as a part of this program, to minimize operator and equipment variables
affecting test repeatability.

A wide variaty of chemic¢al analysee were made on these fuels, for comparisoén
with the present JP«é fuel specification and %o establieh baseline characteristics
sgainst which to compare changes in thermal stabllity guality after storage. Meny
of these analyses were repsated periodically as the storage period pragressed in
an attempt to follew chemical changes taking place whieh might be responsible for
CFR Coker performance changés.

Table IV summarizes pertinent Ieaturea regarding the storage variables, yhile
Table V lists the various chemical ahalyses and other test work done before and
after storage.

The drum coating material mentiened in Table IV (EC776SR) is used for sealing
wing tanks in certain military aircraft, and was included in the present program to
indi¢ate whether any effects on fuel thermal stability performance might be expected
due to exposure to such materials in the aircraft,

The chemical analysis schedule outlined in Table V was the product of discusss
ions with Phillips Analysis Branch and Wright Field representatives to begin with,
and has been liberally revised and supplemented as the storage period progressed,
to provide a broad background of supporting information about these storage fuels
against which to compare their relative tendencies to deteriorate in thermal stabil-
ity rating after storage. Considerable attention was given to trace non-hydrocarbon
constituents of these fuels, both organic and inorganic, in the selection of the
analyses to be made. Note that a number of these analyses were made bocth before
and after the fuels had been subjected to CFR Fuel Coker testing, in an attempt to
indicate which fuel constituents disappeared in the course of making the deposits.

This program was planned around JP-6 test fuels with thermal stability in
the fresh state ranging from good to intermediate to marginal. Two of the fuels
were supplied by Wright Field and turned out to be quite good in thermal stability
performance, Therefore the other three fuels were blended by Phillips to fall
more-or-less in the intermediate and marginal thermal stability categories (con-
sidered in terms of threshold failure temperature level). To provide variations
in refinery stocks, the fuels were blended using Midcontinent, Gulf Coast and
West Texas kerosines respectively as major components. A 290-390 F alkylate and
a 350-550 F alkylate were used as blending components in upgrading all three
of these kerosines to meet JP-6 distillation and thermal stability requirements.
The alkylate components in these blends also improved freezing characteristics —-
however, it was found that the proportions of total alkylate in all three kerosines
resulting in the desired thermal stability performance were insufficient to
produce freeze points quite meeting JP-6 limits (-65 F) so this was sacrificed in
order to maintain thermal stability at the intermediate to marginal quality level
for the purposes of the present program. Final compositions of the test fuels
as stored are given in Table VI. It was necessary to blend the West Texas fuel
in two batches because of blending tank size limitations. These batches
differed significantly in thermal stability ratings. The cause for this is
believed due to differences in trace constituents among the individual drums of
the kerosine used, Therefore these two batches were treated as separate fuels
from this point on. The batch with the poorer rating (K500) was chosen for the
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TABLE IV

OUTLINE OF PROGRAM TQ STUDY EFFECTS OF

STORAGE ON JP-6 JET FUEL THERMAL STABILITY

I. Procedures

A, Storage Conditiens - 6 and 9 months in 110 F Hot Room, one year
at ambient temperatures,

B. Both vented and sealed containers used for base fuels - vented only
for antioxidant blends,

C. All vented samples saturated with both air and water at start of
program - hot room vented samples only aerated at moanthly intervals
thereafter,

D. Sealed samples stored dry under nitrogen,

E. 8 one-pint samples of each fresh fuel stored under nitrogen at 30-40 F
for use in supplementary chemical analysis work after storage.

F. Individual storage samples 13 1/2 gallons in size at all but vented
‘ambient temperature conditions, which are 45 gallons,

G. New, uncoated, 19 gauge steel drums, 15 and 55 gallon sizes, used
as sample containers,

H. A1l drums stored upright with about 20 per cent outage.
I. Vents assembled from mild steel pipe fittings.
J. One fuel stored additionally in vented drums coated with MMM-EC776SR.

K, Test fuels selected to vary in "fresh" thermal stability Quality and
in composition,
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additive evaluation work and the othex 6{30) was stored individually.

The {ive antioxideat addlitives deing investigated have been chosen by agreee-
ment with Wright ¥Field, and are all commercially available materials. Actual
eoncentrations of each additive were established dy rumning concentration versus
CFR Fyel Coker rating ¢urves {see Figure 32), with the idea of picking a éoncentra-
tion improving CFR Coker performance of the fresh fuel and high enough to offer
promise of coping with oxygen taken up by the fuels during storage. All five
additives improved the filter plugging performance of this fuel to the passing
level, However with the mixed Cy5-Cy; tert-alikyl primary amines preheater deposits
were not improved and in fact appeareé to became worse with the higher concentras
tions <« thus the lowest concentration tried with this additive was used in
storage samples.

A very useful reference aiding the selection of additives to be employed
in this program was a paper presented by Shell Development at the Fifth World
Petroleun Congress (20),

It was desired that each base fuel be reduced to initially low water contents
and be made as homogeneous as possible from drum to drum. The system shown in
Figure 33 was employed for this purpose, with all the druwmns for each test fuel
connected in a closed circuit and the fuel recirculated for 8 hours time at a rate
of one gallon per minute, Uniform dryness was achieved by including in the circuit
a two-inch diameter iron pipe two feet long packed with Tinde LA Type Molecular
Sieve, followed by two five-microhoPurolator filters to prevent contamination by
molecular-sieve "fines" and to pick up other solids present in the fuels after
blending.,

B, Characteristics of Test Fuels Before and After Storage

1. Thermal Stability Performance

Results of all thermal stability tests on the five non-additive JP-6 storage
fuels are listed in Table VII. and are shown plotted against test temperature in
Figures 34-38, Considering first the fresh condition ratings of these fuels, it
is shown that a range in quality was represented based on the JP-6 specification
allowable limits of 10 inches of Hg maximum in filter pressure drop and a "3"
maximum in preheater deposit color rating at 400-500 F temperature conditions,
Two of the fuels (K29 and 30) were borderline in quality by these criteria, one
(K28) easily passed at 400-500 F but failed at 425-525 F temperature conditions,
while the remaining two fuels (K26 and 27) easily passed both at AOO—5OO F and
425-525 F,

As to the effects of 26 weeks aging at 110 F, there was no particular re-
lationship shown between the fresh condition CFR Fuel Coker ratings of these fuels
and their relative tendencies to deteriorate in this respect during storage. Of
the two fuels best in rating to begin with, sample K26 showed no change in
performance during storage while sample K27 deteriorated significantly, particu-
larly in terms of filter plugging. Since fuel X27 was inadvertently contaminated
with Linde 4A molecular sieve fines when preparing it for storagé, an extra test
was carried out in which the normal prefiltration procedure with 3.0 micron
Whatman paper was followed up by two passes through 0.45 micron Millipore filter
paper -~ to determine whether any of the molecular sieve material might not
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Puel Tdentificatio

7S S

R26-WADD (F-60-5)
Before Storage

After 26 wks, Sealed
Storage at 110 F

After 26 wks. Vented
Storage at 110 F

K27«WADD (F-60=3)
Before Storage

After 26 wks, Sealed
Storage at 110 F

After 26 wks, Vented
Storage at 110 F

K28<¥id.Cont, Kero.+
Alkylate
Before Storage

After 26 wks, Sealed
Storage at 110 F

After 26 wks, Vented
Storage at 110 F

K29-Gilf Coast Kero.
+ Alkylate
Before Storage

After 26 wks, Sealed
Storage at 110 F

After 26 wksa, Vented
Storage at 110 F

K30-West Texas Xero,

+ Alkylate
Before Storage

After 26 wks, Sealed
Storage at 110 F

After 26 wks, Vented
Storage at 110 F

Test. Temperature

Preheater

450

400
400

Filter

500
500
525
550

525
525

525
525

500
500
525
550

T 550

500
525
525
550

500

500
500
500
525
550

500
500

THERMAL STABILITY OF JP-6 NONADDITIVE TEST FIELS

TABLE VII

Tube Ratings
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have been removed by the normal prefiltration and thus have caused filter plugging
in the Coker tests with the after-storage samples. Figure 34 shows that thte was
not the case, the test with Q.45 micron prefiliration agreeing tlosely with the

two tests at 425-525 F using normal preflltratlon. Thus the indicated deterioration
in CFR Fuel Coker performance for this fuel is believed due to chemical alteration
in composition, rather than contamination by solids.

Figure 36 shows that fuel K28, which ranked intermediate in thermal stability
quality when fresh, deterioratéd badly in this respect during storage in terms of
both filter plugging and preheater rating. Hydrotreating ene of the after-storage
samples of this fuel under conditions effective for the removal of sulfur, basic
nitrogen ahd haphthalene nucleus aromatic compounds did not restore the thermal
stability rating of this fuel to the original (fresh condition) level.

Considering the two fuels which were borderline in quality when fresh,
Figure 37 shows that fuel K29 also deteriorated significantly in CFR Fuel Coker
rating dutring storage, in terms of both filter plugging and preheater deposit
rating, and was helped no more by hydrotreating than was fuel K28, Storage of
extra samples of this fuel in drums lined with MMM-EC776SR top coating also showed
deterioration, but not believed significantly greater than observed in the uncoated
containers. Fuel K30 however (Figure 38), also borderline in quality to start with,
showed evidence 6f storage deterioration with ohly one of the storage drums and then
only in terms of the filter plugging phase of the CFR Fuel Coker test. This effect
was traced to a rise in solids contamination, by means of an extra test employing
prefiltration through both 3,0 micron and 0.45 micron filter paper which produced
a rating comparable to the fresh sample., Thus the second vented drum sample of this
fuel was left in storage for an additional three months ~- the overall thermal
stability level of this sample in the absence of solids contamination ndt being
significantly poorer than when fresh.

Note that the relative effects of vented versus sealed-under-nitrogen
storage were nil - implying that, if the chemical mechanism causing the deteriora-
tion in thermal stability ratlng of fuels K27, 28, 29 is oxidative in nature, the
small amounts of oxygen dissolved in the fuels to begin with more than suffice for
the oxygen-consuming reactions leading to these effects,

The effects of storage on the antioxidant additive blends is shown by the
CFR Fuel Coker ratings listed completely in Table VIII.éndnih:the :form of bargraphs
at 4L00-500 F temperature condition only in Figure 38. First of all the change in
rating for the base fuel alone after 26 weeks at 110 F was not quite enough to allow
saying with assurance that it had deteriorated -- preheater deposit ratings averaged
about the same as when fresh while the filter plugging results were somewhat poorer.
Therefore the second drum of this material was left in storage for an additional
three month period. It might be mentioned that this fuel was not tested at temp-
eratures above 400-500 F when fresh, since it was already "failing" in terms of
the JP-6 specification at this level.

All of the additives were blended in this base fuel to concentrations at
which at least a borderline "pass' was approached in the fresh state,-though with
the mixed C3,-C3, tertiary alkyl primary amines this was possible only in terms
of filter plugging. As to storage effects, blend K35 with 0,10 wt.per cent
L,4' methylene bis(2,6-ditertiary butyl phenol) as the additive appeared unchanged
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Tube Ratdngs. . __ . _ . Pltér Miputes AP ins, Ky

Fuel Idents Tesy Temperature. T Maxa. Merit ke 25%  at 300
o BJ60-10e Preheater FHitet Q. 1. .2 3. .k .5 .6 2 Rating Rating Hg AP . _Mijutey
K500-Base® 400 500 3 2 2 0 6 - - < A 42 160 »25
Before Storage 00 500 a8 3 .1 1 0 - - - 3 48 257 325

400 500 s 1 1 2 1 s - - I 45 197 »25
After 26 wks, Vented 400 500 4 i 5 3 0 0 [o} o] 3 35 96 ‘ >25
Storage at 110 F 400 500 i 2 4 3 0 0 0 0 3 33 86 25
X31~Base + 0,05 wt, % (1) 400 500 9 4 0 0 0 - - 1 55 >300 30.60
Before Storage . . 400 500 7 3 3 0 [} - = - 2 L7 20 325

450 550 7 0 3 0 3 - - 4 45 202 >25
After 26 wks, Vented 400 500 3 5 5 0 0 0 0 0 2 L7 245 >25
Storage at 110 F 400 500 4 5 3 1 0 0 0 ) 3 47 24) >25
K32-Base + 0,01 wt. % (2) 400 500 1 3 4 1 N 0 0 0 IN 99 >300 0,02
Before Storage 400 500 5 3 [o] o} 2 1 2 -0 6 99 . >300 0,01
After 26 wis. Vented 375 475 8 1 0 0 2 0 L 1 7 86 »300 0.08.
Storage at 110 F 375 475 8 1 0 o 2 0 1 1 7 81 $300 0.18.

400 500 7 1 0 0 ) 0 0 5 7 26 5k >25

400 500 7 1 0 0 0 0 0 5 7 29 86 25
X33-Base + 0,01 wt, % (3) 400 " 500 7 3 3 0 0 0 0 0 2 58 >300 7.04
Before Storage 400 500 A 1 3 2 3 0 0 ) 4 56 5300 10,15

450 550 3 2 Y 3 5 0 [¢] ] h W7 237 >25
After 26 wks, Vented 400 500 3 1 5 L 0 0 0 0 3 55 >300 10.10
Storage at 110 F 4LOO 500 3 I 5 1 [} [¢] 0 o} 3 L8 252 225
K3L-Base + 0,05 wt, £ (4) 400 500 L 1 8 [ 0 0 0 0 2 75 >300 0.47
Before Storage 400 500 3 2 8 o] 0 ¢} [s] o] 2 17 >300 0.35

450 550 2 2 2 5 2 0 0 0 X 38 122 >25
After 26 wks, Vented 375 475 0 5 5 3 0 0 0 0 3 72 >300 0.80
Storage at 110 F 400 500 0 3 5 3 2 0 0 i) 5 55 >300 12.00

400 500 3 1 5 k 0 0 0 0 3 8 245 >25

425 525 1 0 6 3 3 0 0 0 4 36 101 $25
X35-Base + 0,10 wt.% (5) 4oo 500 A 8 1 0 0 0 0 0 2 53 >300 14.85
Before Storage 400 500 3 6 4 o} [} [} o] [} 2 54 »>300 12.88

L50 550 2 1 1 [ 4 1 o 0 5 33 87 >25
After 26 wks, Vented 400 500 5-0 6 2 0 0 0 © 3 6 >300 2,17
Storage at 110 F 40O 500 3 4 6 o 0 0 0 0 2 54 >300 12.32
r537k29(8) Stored in drms 375 475 9 o 3 1 o o o o0 3 58 5300 7.40
coated inside with ECT76SR 40O 500 0 7 2 1 1 2 ) 0 5 39 133 >25
for 26 wks, at 110 F 4,00 500 6 1 1 2 2 1 o] 4] 5 37. 12 >25

‘425 525 7 1 1 0 2 1 1 0 6 37 11 >25

#Composition: Gulf Coast Kerosine ¢ Alkylate

(1) 2,é~di-tert-butyl-4-methyl phenol

(2) Mixed €y5-Cyy, tertiary aliyl primary amines.

(3) Experimental hindered phenol.

(L) 2-2, methylene-bis-f,-methyl-6=tertiary butyl phenol)
(5) 4,4' methylene-bis~{2,6-di~tert~-butyl phenol)

(6) Gulf Coast kerosine + alkylate
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in thermal stability quality after 26 weeks at 110 F, Blend K31 with 0.05 weight
per cent 2,6-ditertiary butyl L-methyl phenol showed some change in the negative
directien at this time but not enough to be consideéred conclusive, as was also the
case with blend K33 with 0,01 weight per cent of an experimental commercial hindered
phenol type additive. The second drum samples of these three additive blends were
therefore retained in storage for further comparison with the base fuel after an
additienal three months time,

However, blend K32 with 0.01 weight per cent ClZ‘Clh tertiary alkyl primary
amines showed by far the most striking negative change in performance after storage
of any test fuel in this program, in terms of both filter plugging and preheater -
deposit color rating ~=- apparently demoting oxidative deterioration of the additive
itself, Blend K34 with 0,05 weight per cent 2,2' methylene bis(L~methyl-6-tertiary
butyl phenol), the highest ranking of the blends when fresh, alse showed definite
deterloration in this respect though still ranking superier to the base fuel after
storage. Therefore the second drum samples of the latter two blends were reémoved
from storage for CFR Fuel Coker testing at other temperature conditions, to reinforce
these indications of deterioration.

2, Chemical and Physical Properties

The résults of the extensive chemical analyses and physical inspection test
work performed on the JP-6 storage samples are listed in Table IX for the non~addi-
tive-containing fuels both fresh and after 26 weeks storage at 110 F. First of
all, it is shown that these fuels all are very low in non-hydrocarbon constituents
such as sulfur and nitrogen compounds, suggésting that the reduction of such
impurities to very low levels is a byproduct of the JP-6 specification requirement
for LOO F~plus thermal stability performance, Considering two specific types of
sulfur and nitrogen compounds which have often been associated with temperature
instability effects in past work with other types of jet fuel, pyrrole nitrogen
level was found to be less than O.4 ppm in all five test fuels while thiophenol
sulfur was less than 0,001 weight per cent as indicated by mercaptan sulfur analyses
(part-per-million level mercaptan analyses are in progress).

In all but one of these fuels existent and potential gum ratings were
essentially nil, while with the fifth (K26) fuel, indications of borderline gum
values were traced to the presence of a heavy 011y contaminant soluble in normal
heptane and apparently harmless from the thermal stability standpoint. In no
case were the effects of storage manifested by a rise in gum content matching the
changes in CFR Fuel Coker rating discussed earlier.

As to the effects of the CFR Fuel Coker test itself at any given time pericd,
the most pronounced and consistent were sharp rises in peroxide level, In the
only two cases where this was not indicated; the fresh samples of fuels K29 and
30, there was a delay of several weeks between the submission of the after-Coker-
test samples and performance of the analysis which may have allowed some of the
peroxides to react further to more stable types of hydrocarbon oxidation products.
These data at any rate confirm that oxidation does take place under the inviron-
mental conditions provided by the CFR Fuel Coker at 400 F-plus temperature
conditions, Peroxide level showed no large nor consistent changes during storage
with any of the test fuels however, nor could infrared spectra run on the
complete fuels before and after storage (using the icebox "pseudo<fresh" samples)
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detect the appearance of more stable types of hydro¢arbon oxidation products.,

Lamp sulfur values did not indicate depletion of this type of fuel impurity
during the Coker test, either with the fresh or the aged fuels, However it may
bo significant that_the three fuels which did deteriorate in thermal stability
quality during storege were measufably higher in sulfur content than the other ,
two -~ even though all weré far below permissible specification limits (<£0.4 Wt., %)
More precise analyses for sulfur areé planned, using a method sensitive to part-
per-million level concentrationms,

The small ¢hanges in basic nitrogen analysis before and after Coker-testing
are not how believed significant, rior do the differences in content of either basic
or total nitrogen when fresh appear to fit any consistent pattern with respect to
the storage performance of the different fuels.

Analyses fér polycyclic aromatics by UV light absorption showed measurable
concentrations of such materials inm all but fuel X26, which was also the mest
thermally stable of the group bath before and after Storage. An earlier section
of this report has shown (see Figure 6) the very marked difference in thérmal
stability performance between three different cuts fractionated from a marginal
quality JP-6 blend (a reblend of the West Texas kerosine plus alkylate test fuel
- K30), These tests, employing the thermal insulating effects of deposits laid
down as a criterion, indicated the most thermally unstable constituents of this
fuel to be concentrated in the 40O F-plus boiling fraction. Efforts were made
to isolate by comparative gas chromatograms the materials which were depleted
from this fraction in forming the deposits, passing samples before and after the
thermal stability test through an F. & M, temperature-programmed gas chromato-
graphy apparatus employing silicone grease as a fixed phase. Results were somewhat
inconclusive, but did indicate that whatever differences there were in these 400 F-
plus boiling range before-and-after-heating samples were concentrated in the heavy
ends, OSamples of these heavy components were therefore 'trapped" as they emerged
from the gas chromatography apparatus and examined by infrared and ultraviolet
spectroscopy. Naphthalene-nucleus aromatic hydrocarbons were identified in the
trapped samples, suggesting that these or oxidized derivatives may be contributing
to-thermal instability at temperatures of 4LOO F and above,

Comparative gas chromatograms using the same equipment were also run on
the fresh fuels before and after Coker testing and on the fresh versus the aged
fuels. No changes in individual peaks could be detected reflecting either the
hydrocarbon components in the fuel which had reacted to make the deposits laid down
in the Coker or those which had reacted in the storage containers to produce the
observed changes in performance, It has been concluded that for further application
of gas chromatography to this analysis problem some auxiliary means of concentrat-
ing the deposit precursors, such as fractional distillation or selective adsorption,
must be employed.

The Millipore particulate contamination tests showed small rises in level
of filterable solids for fuels K28, K29 (vented) and K30 (sealed). With the
latter fuel, it may be recalled that filterable solids in the {3.0 micron range
did affect CFR Fuel Coker rating, as established by a separate test using a
0.45 micron prefiltration step in place of the standard 3.0 micron prefilteration
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with Whatman #2 filter paper. The indicatioms of very large increases in particue
late contamination for both the sealed and vented samples of fuel X27 were traced

to Linde LA molecular sieve fines which must have been carried over frau the prepara-
tion of the fresh sample., This material appears to bec.completsly removed by the
standard prefiltration procedure, since anm extfa Coker test using 0.45 mieron pre--
filtration showed no difference in results,

Analyses for trace amounts of soluble iren showed all of the samples less than
1,0 ppm in this respect both before and after storage:: Analyses for soluble copper
were run initially on all the fuels using a technique accurate® to O.1 ppi. Followe
ing storage, it became.apparent that fuel K28 had darkenéd in color sufficiently
to prevent the use of this colorimetric analysis technique. In addition, it was )
desired to establish whether the slight indications of higher soluble copper levels
for fuel K27 were significant <« therefore the soluble copper analyses were repeated
using a method accurate to 10 pph., These results do show some spread in this
respect, with fuel K27 the highest of the group by a factor of 2 or 3. Since this
fuel did detertorate in thermal stability rating during storagé these results may
be significant, considering that copper is a well=known proeoxidation catalyst.

- Soluble lead analyses weré also made, to check the possibility of c¢ontaminas«
tion by leaded gasoline with any of the fuels and iis poszible relationship to
either long or short term temperature stability effects, In only one case was
this measurable, with the additive base fuel K$00; Since this fuel was blended
identically to fuel K30 and yet performed significantly poorer in the CFR Fyel
Coker test, the presence of lead may be significant and this possibility is to be
checked with synthetic blends containing small amounts of tetraethyllead,

The total oxygen analyses serve mainly to show that oxygen level in the fuels
themselves did not differ appreciably between the vented versus nitrogen-purgeds=
and-sealed storage containers, which agrees with the lack of difference in thermal
. stability rating, If oxidation reactions were responsible for the changes in
thermal stability after storage, apparently the small amounts of residual oxygen
dissolved in the fuels themselves was more than enough. A better procedure for
eliminating oxygen access to jet fuels would be to collect the fuels under nitrogen
directly .from the refinery fractionation facilities and to maintain it under this
nitrogen atmosphere from this point on until it enters the combustion sections of
the aircraft engines themselves.

Considering next the Sayholt color ratings for the group of fuels, it is
apparent that the three fuels (K27, 28, 29) which deteriorated measurably in
thermal stability after storage also darkened measurably in color -- fuel K28
falling off the limits of the Saybolt scale after storage. This suggests that
formation of color bodies or chromophores, through selective oxidation of fuel
constituents of relatively dense molecular structures, is associated with the
thermal stability effects. This indication has accordingly been followed up by
more detailed examination of the optical characteristics of these fuels using the
Bauszh 'and Lomb Spectronic 20 spectrophotometer employed for the 5 ml thermal
stability bomb test discussed earlier. '

In Figures 4O through 45 are plotted the detailed wavelength versus light
transmission curves for the fuels described in Table IX, These were run on the
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. fuels both befors and after CFR Fuel Coker testing at 400 Feplus temperatures.

Note that for fuele K26, K30 and K500, which did not change significantly inm
thermal stsbility after storage, the change i&n light transmission over the 340-
450 millinicron wavelength range was also very small, For the other three fuels
significant losses in light transmission appeared to aecompany the observed poorer
performance in the CFR Coker test after storage, particularly fuel K28. This
confirmed the trend shown by the Saybolt color ratings listed in Table IX. Light
transmiassion decreased after heating during the CFR Cokes test for all the fuels
except K28, where thé trend in the opposite direction perhaps indicates concentra=
tion of the color bodieés in to the deposits left in the apparatus, This effect
forms the basis for the 5 ml bomb thermal stability test déscribed earlier,

Table X shows chemical and physical data obtained on the hydrotreated
samples of Fuels K28 and 29, which it may be recalled failed to restore the
thermal stability performance of these two fuels to the initial level prior to
" storage. Hydrotreating under these conditions reduced total sulfur levels in
both fuels, reduced basic nitrogen and improved the Saybolt color ratings. It
alse dropped the polyeyclic aromatic content significantly; the catalyst used
having been selected for its ability to accomplish this =~ however it is not
known whether the reduction of naphthalenes represénted complete hydrogen satura=
tion of both rings or partial conversion to tetralin type structures, The
fluorescent ihdicator absorption analyses show lncreased olefin level after
hydrotreating, however this is not believed correct since the FIA technique is
not considered meaningful by this laboratory for olefin concentrations below
5 per cent, Olefins calculated from bromine number show the expected reduction
with hydrogen treatment. If the latter are accepted and the FIA aromaties
values are corrected upwards correspondingly, then the comparison between total
aromatics before and after hydrotreating show only slight changes, This would
imply that perhaps the naphthalene nucleus compounds were only partially con-
verted, to tetralin structures.

Following up the Saybolt color data in Table X, Figures 46 and 47 show
complete wavelength versus light transmission curves for fuels K28 and 29 before
and after hydrotreatment. Note that, although 1light transmission from 400 milli-
microns on out through the visible range was greatly improved by hydrotreating, -
wavelengths below this level still showed much more absorption than the fresh
fuels, Thus, compounds formed during storage of a nature such as to absorb ultra-
violet light in the 350 millimicrons wavelength range appear related to thermal
stability performance as defined by the CFR Fuel Coker,

This further supports the selection of the 350 millimicron wavelength band
for use in the 5 ml thermal stability bomb test described earlier.

Table XI lists physical and chemical analysis results obtained on the blends
of fuel K500 with antioxidant additives, and on fuel K29 after storage in drums
lined with MMM-EC776SR. These data were accumulated both to aid interpretation
of the thermal stability test work and to indicate whether the additives had
undesirable side effects on fuel properties. No adverse effects on corrosion or
water reaction characteristics were observed either before or after storage., The
slightly higher potential gum rating for blend K33 was not borne out by an increase
in existent gum after storage. However blend K32 (which became much worse in
thermal stability rating following storage) also showed a large increase in existent
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TABLE X
EFFECT OF HYDROTREATING ON TWO JP=6 FUELS AFTER STORAGE

Fuel Ident:¥ BY6O-10-_  _ _ X28A K28a4 K294 k29aH
Dist: D86 I8P 318 310 3 306
108 M2 339 337 33
50 384 380 378 377
90 452 452 L52 446
EP 182 188 476 4,80
Recy. 99 99 99 99
) RBS; l ) 1 - b ) l )
Aeratics, ' vol. % FiA 902 6¢5 708 505
Olefins, VOl. % 4100 3.9 2.6 305
Olefins, Vol., % (Bromine Ne.) 0.85 0.12 0.27 0.10
Total NitrOgen, ! Ppm . 3'5 15.2 7-0 309
Basic Nitrogen, PPl - 1,69 .33 1.70 27
Polycyelic Aromatics, W, % 1.8 425 2,80 28
Smoke Point, mm T2 1.9 29.7 33.7
Saybolt Color Yellow +23 + +30
API Gravity 48,3 49.3 49.1 50.1
CFR Fuel Coker Dataitit
Tube Rating I 2 2 3
4 4
Filter Merit Rating 57 L0 L9 L6
50 45
Minutes to 25" Hg. AP =300 12 273 222
298 204
AP ins, Hg. at 300 Minutes 8,37 >25 >25 >25
>25 >25
. #*Compositions

K28A ~ Mid-Continent Kero + Alkylate after 26 wks. storage at 110 F
K28AH -~ K28A Hydrotreated

K29A - Gulf Coast Kero + Alkylate after 26 wks. storage at 110 F
K29AH - K29A Hydrotreated

#*At test conditions of 400 F/500 F/6 pph
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gun content. Both blends K3, and K35 eontaining the bisphenol type anticxidants
showed immediate darkening in color -- however, though the former darkened further
during storage the latter remalned unchanged, which parallels their relative
echange in thermal stability reting, Fuel K29 when stored in the sealant ecoated
drung turned pink in color -= which appeared to represent a dye picked up frem

the sealant having no significance with respect to thermal stability rating.

The high basic nitrogen analyses for blend K32 containing the Gy, ~Cy;, tert-alkyl
primary amines apparently reflects the nitrogen in the additive itself.

Pigures 48 through 53 show the detailed light transmission characteristics
for the additive blends and for fuel K29 in the sealant-lined drums. Fuels K31
and 33, which changed only slightly in thermal: stabilityquality in storage also
showed little change in light transmission. Fuels K32 and X3, which did beccme
poorer in thermal stability rating also changed measurably in 1ight transmission —-
particularly the foriter, Thus the pattern shown for the non-additive test fuels
was matched by four of the additive blends, However, blend K35 does not fit
the pattern. This fuel, whiich cohtained the only additive causing a large change
in light transmission characteristics upon blending, also showed significantly
reduced light transmisésion aftér storage while remaining unchanged in thermal
stability rating.

This illustrates that the use of changes in optical characteristics es an
index of jet fuel thermal stability characteristics can be misleading if the
fuel contains additives which themselves influence light transmission through
the complete fuel in the 350 millimicron wavelength range.

Interestingly enough however, Figure 53 shows that the fuel sample stored
in drums coated with MMM-~EC776SR, which turned pink as shown by the stroeng light
absorption through the 450-600 millimicron range, still had the same absorption
characteristics as the sample stored in uncoated drums at wavelengths below
400 millimicrons —— matching their respective thermal stability performance.

Table XI1 1lists additional laboratory data on the complete group of fuels
(vented samples only) for intermediate periods of 8 and 16 weeks, supplementing
the complete 26 weeks data discussed in the foregoing. These data serve mainly
to reinforce the evidence of Saybolt color changes with the least storage stable
fuels, It is also apparent that a consistent drop in water content occurred
during storage, which is perhaps due either to "stripping" during the periodic
aeration of the samples or to dropping out of solution. It may be recalled
that all the vented samples were water saturated prior to storage though this,
as with air saturation, appeared to have no effect measurable on subsequent
thermal stability performance, Peroxide concentration did not change particularly
with storage except for fuel K32 containing the amine-type antioxidant.

Thus, to date the chemical analysis results have not identified the specific
reactants in fuels K27, 28 and 29 which altered in storage in such a way as to
cause poorer thermal stability performance. The potential influence of solids
contamination on such storage changes was, of course, demonstrated with one of
the storage drums containing fuel K30, The most apparent common denominators
in the compositicn of the three fuels which deteriorated in storage were as
followss - (1) sulfur contents were slightly higher than the other two fuels,
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(:'é) all three contained 1 to 3 per cent by weight of polycyolié;aronatics
{3) one of the three containted appreciably Bigher concentrations of soluble copper
than the other fuels,

A possible influence of e¢cntamination by lead on fuel thermal stability was
indicated for two fuels otherwiss identlcal in composition but differing significe
antly in CFR Fuel Coker rating at 400 P temperature,

‘The consistent light transmission changes with fuele which deteriorated in
thermal stabllity following storage suggests the selective oxidation of fuel
" constituents of condensed molecular siructures and future chemical analysis work
will attempt to establish this,

This section swimarizes a series of CFR Fuel Coker tests ecarried out on blends
of various pure compounds im base fuels of known thermal stability characteristics,
to help point out potential classes of fuel componente contributing to the thermal
stability problem at 4LOO Feplus temperatures and aid interpretation of the six
months 110 F hot room storage results,

In an earlier section of this report a seriss of tests with a small scale
recirculating thermal stability tester was discussed which indicated that, with one
JP-6 fuel blend, the deposit=forming components were identified with the 400 F-plus
boiling range fraction, Gas chromatography analyses suggested that polycyclic
aromatic hydrocarbons might be potential deposit precursors under these conditions,
Therefore, CFR Fuel Coker tests were carried out with experimental fuel blends
with naphthalene concentration as a controlled variable, The base fuel used for
these experiments was a 350-550 F boiling range alkylate (isoparaffinic) fraction
contalning no aromatics or non-hydrocarbon impurities to speak of, and rating
extremely high in CFR Fuel Coker thermal stabllity performance, Table XIII lists
some of the pertinent physical and chemiecal characteristies of this product, The
addition of only 1.0 weight per cent of alpha methyl naphthalene was found to
produce a striking deterioration in CFR Fuel Coker rating, which led to tests with
a variety of other aromatic compounds and potential naphthalene oxidation products.
These data are listed in Table XIV and presented graphically in Figure 54. The
AMN used was fairly fresh ASTV grade material as supplied for reference fuel
purposes for knock rating of diesel fuels, Nevertheless it is known to be of
uncertain uniformity as to actual proportiors of AMN present as opposed to other
naphthalenes, Therefore, the test was repeated using a redistilled sample of AMN
in which the front 10 per cent and 20 per cent bottoms fraction were discarded to
eliminate aromatics other than methyl naphthalenes and any extraneous naphthalene
oxidation products as well. Though this would not have eliminated beta methyl
naphthalene, this distinction is of no particular importance for the present work
where the effects of naphthalenes as a class was the main interest (at this point).
The redistilled material had an equally potent adverse effect on CFR Fuel Coker
rating. A third test was carried out using the redistilled AMN in which oil-free
nitrogen gas was bubbled through the test fuel sample for one hour prior to the
test and throughout the entire five hours duration of the test itself, thus exclud-
ing oxygen as completely as possible from contact wit,? the fuel stream entering
the CFR Fuel Coker hot seetion, Results of this test’'showed markedly better
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. TABLE X111

TYPICAL, PROPERTYES OF ISOPARAFFINIC ALKYIATE FRACTTONX USED

 BASE_FUEL FOR PURE HYDROCARBON BLENDS

Stean Jet Exietent Gum, mg/100 ml 0.6
Poteéntial Gun, Total, mg/100 ml 3.3
Solubles -
Insolubles -
ASTM Distillation ‘
18P, ¥ : 362
10% Evaporated : 372
50% Evaporated 395
90% Evaporated ' o 4,87
_ EP 570,
API Gravity; degrees ) " 53.0
Composition, vol. % - Essentially 100%
- Paraffine
Flaeh Point, F : 142
Net Heat of Combustion, Btu/lb. . 18,923
Sulfur Content, ¥ Wt.
Total : _ 0.005
Mercaptans <0,001

#Phillips Base Oil #1
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FIGURE S4
CFR FUEL COKER RATINGS OF EXPERIMENTAL FUEL BLENDS




performance than when normal pre-seration of the fuel was employed, suggestimg that
oxidation is an important step in the reactions participated in by the confaminante
Although the performance remained somewhat poorer than paraffinic base fuel alone,

it is not known quantitatively how much of the oxygen originally dissolved in ths
test fuel sample was sucgessfully *stripped® away by the nitrogen-purging process,
Additional tests wers then carried out &t lower concentratliens with both the complete
and the redietilled ASTM grade AMN, and with a single sample (available in very emall
quantity) of a 95 per cent purity AMN batche The adverss effects of the latter
material were very much less than either the redistilled or "as-is® ASTM AMN, though
etill measurable, A sample of pure naphthalene 'tested in 1,0 weight par cent.cop~
centration in the base o1l showed no significant adverse effect on thermal stability
performancé at these temperature conditions,

Therefore, chemical analyses were made to establish the nature and amount of
impurities present in the batch of ASMM grade AMN used for the CFR Fuel Coker tests
showing the strongest adverse effects. Results were as followss

o .. Component __ ASTM=AMN
Alpha-methyl-naphthalene 61w, % 58 we. 4
::::;I::thyl naphthalene} ehroosto graphy 3,15; ‘ 3‘57
Total Sulfur, X-ray fluorescence 0.82 0.80 '
Oxygenated compounds, infrared . Strong "OH" bands Strong “OH" bands

It is shown that contaminants in addition to other naphthalene hydrocarbons
were definitely present in both the original and redistilled samples of this
product, Further attempts to identify the material termed "heavier®™ in the gas
chromategraphy analysis indicated that it is probably aesociated with the “OH®
band absorption shown by the infrared speetra, The fact that this material
apparently boils within a degree or two of the methyl naphthalenes would appear
to rule out methylnaphthalene oxidation products or even naphthols, unless an
azeotrope exists. Mass spectrometry showed this unknown to have a mass number
which could be accounted for by a tetrahydronaphthol structure, Since both the
original and redistilled AMN samples showed 0,8 per cent by weight of sulfur
contaminant, another possibility would-be heterocycliec compounds containing a
sulfur atom in the ring and a hydroxyl group attached.

In any event it was established that these ASTM grade AMN samples did contain
appreciable non-naphthalenic contaminants which therefore clouds the effects observed
on thermal stability. The 95 per cent purity alphamethylnaphthalene was examined
by infrared and showed no hydroxyl bonds, betamethylnaphthalene in very mimor
quantities being the only contaminant.

Further, CFR Fuel Coker testing was carried out with four different benzene
nucleus aromatic compounds blended to 1.0 per cent concentration in thie base fuel,
including one (phenyl butene-2) with an olefinic side chain and another. (isoprepyl
benzene) with which considerable data are available as to liquid phase oxidation
characteristics, None of these showed significant effects on thermal stability

performancs, A test with tetralin as the contaminant showed similar lack of response

98




-~ and tetralin is another hydrocarbon whose tendency towards slow oxidation in the
liguid phase ie well known, A sample of redistilled.dindene did show adverse effects
on etability performange - however subsequent infrared analysis showed appreciable
carbenyl absorption in the indene. N

Thus, in every instance in which the addition of an aprematic hydrocarbon %o
the base fusl caused significantly poorer performance in the CFR Fuel Coéker, oxie
dized impurities were present. Therefors, to check the dirsct effects of potential
hydrocarbon oxidation products, tests were carried out in which small concentrations
of 1 and 2 naphthol were added to the base fuel. In both ¢ases (see Figure 5.)
very potent adverse effects were observed. However, a third compound, 1,Li-naphtho-
gquinone showed only qUestionable adverse effects,

More work along these lines is planned, however at thls stage it can be suud
only that 1) a strong advefse effect of, certain aromatic oxidation products on
CFR Fuel Coker rating at 450-550 F was shown and (2) an adverse effect of the aroe
matics themselves during short term etposure to high temperatures in the CFR Fuel
Coker has not been showne

As to the effects of oxygen availability on thermal stabllity performance,
further work was done with a different test fuel, a reblended batch of one of the
JP-6 storage fuels (Gulf Coast kerosine plus alkylate-K29) containing 2.9 weight
. per cent polycyclic aromatics by UV analysis. A CFR Fuel Coker rating at 450-550 F
temperature conditions using the normal preseration procedure rates this test fuel
as a positive "fail" by both filter plugging and heater deposition criteria, Sube
stitution of one hour nitrogen purging for aeration produced only a slight improve=
ment in rating if the vented run tank was allowed to draw in air as the fuel level
dropped, which is normally the case. If the nitrogen bubbling was continued through-
out the Coker test, however, to maintain a nitrogen blanket above the fuel levél
and prevent air intake, the rating was much better, as with the previously diacussed
synthetlc naphthalene blend, Figure 55 shows these trerds graphically,

A possible implication of this is that preparation and storage, under inert
atmospheres, of high thermal stability jet fuels might not have the desired beneficial
effects on thermal stability performance in the jet power plants if the fuel tanks
in the alrcraft itself were not also inerted.

Analyses for peroxide level were made before end after theml stability test-

ing of the aerated and completely inerted samples of this test fuel, and are listed
below,

Peroxide No,, Mille-
quivalents, Active Oo .

Condition Prior ‘ per. Lite:
Fuel To CFR Coker Test Before Test After Test
JP-6 prepared from  Normal pre-asration - 0.06 0.67
Guif Coast Kerosine nitrogen purged + hlanketed 0.08 79 VA

plus alkylate

These results agree with the trends shown by the CFR Coker tests themselves, in
that much less peroxidation took place in the sample from which oxygen was axcluded
as completely as possible,
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Another type of oxygenated hydrocarbon which could conceivably be present in jet
fuels which had not been caustic washed is represented by naphthenic acids, present
in certain crude oils in very appreciable concentrations, At the request of WADD
a short series of CFR Fuel Coker tests was carried out at 400<500 F temperature
eonditions using a second batch of the same JP-6 fuel employed for the preceding
experiment, with naphthenic acid concentration as a controlled varisble. Figure 55
shows the results of adding 0.023 and 0,230 vol., % of a mixed naphthenic aeid
fraction to this base fuel. It is apparent that thermal stability gnality was not
harmed ahd may actually have been helped.

In the previous section during the diseussion of the storage results it was
pointed out that with some of the fuels, deterioratiom in CFR Cokerperformance
following storage was accompanied by increased light absorption characteristies in
the 340-400 millimieron range-of wavelengths, It was therefore considered of interset
to evaluate the optical characteristics of same of the synthétic CFR Coker test
blends with. aromatic nucleus eomponnds,jﬂst discussed’from this standpolint.

Figures 56, 57 and 58 present these curves, Con¢erning the alpimethylnaphihalsas
blends, it is shown that an absorption peak around 390-400 millimicrons 1s present
in all cases with blends containing the ASTM-AMN, eithér as-is or redistilled. This
is not characteristic of methyl naphthalenes end therefore must accompany the

presence of the impurity -- the 95 per cent Purity AMN did not show this absorption
peak,

Concorning the general relationship between light transmission in the 350
millimicron wavelength range and thermal stability performance, this appears to hold
in every case except for the 1,4-naphthoquinone, which had pronounced effects on
light transmission with only slight adverse effects on thermal stability rating,

IV. CONCLUSIONS

A. Results of experimental development of small scale jet fuel thermal stability
test methods during the first year of work under this contract ware as follows:

(1) A recirculating-flow types of test subjecting a one-liter fuel sample
to alternating heating and cooling cycles was fournd to lay down hot
section deposits whose effeet on coefficient of heat transfer was
‘measurable and consistent, Some agreement in trend existed between
ratings in terms of coefficient of heat transfer after one hour
of operation with JP-6 jet fuels and ratings at 400-500 F by the -
CFR Fuel Coker test,

(2) Preliminary testing with a small scale static procedure employing
an electrically heated niclk:l wire as both heat socurce and
temperature sensing device has indieated that the rise in tempera-
ture of ‘the wire as depcsits accumulate from 250 ml. fuel samples
offers one possible approach to a very simple type of test to
evaluate fuel thermal stability effests in z realistic manner.
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(3)

A very small scale (5 ml fuel sample) static thermal stability test
was investigated using a small stainless steel bomb externally heated
by radiation from a laborateory muffle furnace. An indirect empirical
index of thermal stability was employed based on light transmission
through the test fuels after heating to selected temperatura levels.
This techniaue appeared capable of separating fuels broadly into
"good”;, "fair®™ and "poor" thermal stability categories.

B. Results throughout the first year of work on JP=6 jet fuel storage stability
characteristics were as followse ,

(1)

(2)

(3)

(4)

(5)

(6)

(7)

Of five JP-6 fuels stored 26 weeks at 110 F with no additives present,
one fuel did not change at 211 in terms of CFR Fuel Coker rating, a
second fuel showed evidence of deterioration im only one storage drum
(which was traced to build up in solids contamination), while the three
remalning fuels deteriorated significantly in all storage drums,

No significant differences in CFR Fuel Coker performance were
observed between the vented samples of these test fuels after
26 weeks hot room storage and those sealed under a nitrogen
atmosphere, Analyses showed 0.02-0,05 welght per cent oxygen
present in fuels from both sealed and vented containers.

The fuels which deteriorated in thermal stability afier storage
were relatively high in polycyclic aromatics, sulfur and (in one
case) trace copper content,

The only prominent chemical or physieal change thus far identified
which agrees in trend with the changes in thermal stability perform-
ance is darkening in color, which is most apparent in terms of

light absorption at 340-400 millimicrons wavelength., This is presumed
to reflect oxidation of certain fuel eonstituents of relatively
condensed structures, but this has not yet been verified by analysis,

Five blends of a poor thormal stability quality base fuel stabilized
with commercial antioxidant additives showed one (containing 0.10
weight per cent bis-phenol rubber antioxidant) to be unchanged after

_ storage, three (containing lower concentrations of other phenol-type

additives) showing some evidence of deterioration and one (containe
ing 0,01 weight per cent alkyl amines) badly deteriorated,

A variety of pure arcmatic compounds added in low concentrations to

a very stable paraffinic base fuel caused strong adverse effects on
thermal stability performance only with methyl naphthalene and indene
samples containing oxidized impurities. Addition of two naphthol
compounds also caused strong adverse effects on thermal stability,
though a naphthoquinone and a mixed naphthenic acid fraction did not.

The chemistry of high temperature deposit formation in the CFR Fuel
Coker test was shown to involve oxidation by virtue of increases in
peroxides content in all the fuels after testing plus marked improve-
ment in performance when air was excluded from the test apparatus.
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V. FUTURE PLANS

Future efforts on the development of small scale jet fuel thermal stability -
test methods will be concentrated on the static hot wire and 5 ml bamb approaches,
the recirculating flew type of test falling more within the scale of apparatus
being studied under other Air Force contracts., At an early stage in the second
year of work under this eontract a decision will be made as to which of these two
devices appears most promising, and the remalnder of the perled will be concentra-
ted on the evaluation of fuels tested in other larger scale epparatus f9r correlation
purposes,

Future plans for the JP=6 storage stability project include continuing
efforts to explain by chemical enalysis the ehanges in thermal stability of the
fuels completing 26 weeks 110 F hot room storage during the period covered by the
present report, In addition, the same group ¢f fuels will complete 52 weeks of
storage at ambient temperatures during this period; enabling comparison of these
data with the hot room trends. Further chemical analysis work can then be done
to pin down more corielusively which types of fuel constituents oxidized in storage
to cause changes in performance, to allow recommending techniques for predicting
and preventing such ¢hanges., To support these conclusions, several additional
fuels will be stored for 26 weeks at 110 F in the hot room in the presence of
known amounts of verious fuel constituents or contaminants believed undesirable
from this standpoint,
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